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RÉSUMÉ 
La régulation des gènes est l'élément clé permettant à la cellule de contrôler son 
métabolisme, sa croissance, sa division et son adaptation aux changements 
environnementaux. Cette régulation peut s'effectuer à chaque étape de la chaîne de 
transmission de l'information génétique. L'ARNm qui est l'intermédiaire entre l'ADN et 
les protéines est une des cibles de régulation des gènes. Autant sa production, sa maturation 
que sa dégradation sont des étapes auxquelles l'ARNm est susceptible d'être régulées. La 
RNase III de Saccharomyces cerevisiae est un enzyme nucléaire participant à la maturation 
de plusieurs ARN non codants et reconnaissant une structure d'ARN double-brin coiffée 
d'une tétra-boucle NGNN. Cette structure se retrouve aussi dans plusieurs ARNm et, dans 
ce cas, le clivage par la RNase III résulte en la dégradation de l'ARNm, et par conséquent 
en une régulation négative de l'expression de ce gène. 
Les travaux présentés dans cette thèse ont porté dans un premier temps sur la 
caractérisation des effets de la perte de la RNase III chez la levure. Une première 
publication a traité de la relation entre la localisation de cet enzyme et le déroulement de la 
division cellulaire démontrant que le changement de compartiment de la RNase III du 
nucléole vers le noyau contribuait à la progression normale du cycle cellulaire. Une 
deuxième publication s'est intéressée à l'interaction entre cet enzyme, impliqué dans la 
maturation de l'ARNr, et la machinerie de transcription spécialisée dans la production de 
cet ARN. La RNase III de levure a ensuite servi d'outil pour identifier des ARNm 
susceptibles d'être régulés de manière posttranscriptionnelle au niveau du noyau et à 
démontrer que cette dégradation jouait un rôle dans la régulation de ces gènes. 
Effectivement, dans le cas étudié, cette dégradation contribue à la robustesse de la réponse 
de la levure au stress des parois. Cette découverte ouvre un nouveau champ de recherche 
dans lequel il sera intéressant d'identifier les mécanismes de régulation de ce clivage et 
d'intégrer cette voie de régulation à différentes autres voies. 
Mots Clés : RNase HI, Saccharomyces cerevisiae, ARNr, régulation des ARNm, cycle 
cellulaire, réponse au stress, stress des parois 
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SUMMARY 
Gene regulation allows cells to control their metabolism, growth, division and 
adaptation to environmental changes. Every step of the genetic information transmission 
chain is regulated. One of the targets of gene regulation is the mRNA that acts as an 
intermediate between DNA and proteins. Regulation of the mRNA can happen at the level 
of its synthesis, processing and degradation. The RNase III of Saccharomyces cerevisiae, 
Rntlp, is a nuclear enzyme implicated in the processing of many non-coding RNAs. Rntlp 
binds and cleaves double-strand RNA structures capped by NGNN tetra-loops. Such 
structures can also be found in many mRNAs. Cleavage within the coding sequence of a 
mRNA results in its degradation and thus contributes to negatively regulate the expression 
of its gene. 
The work presented in this thesis characterized the effects of the loss of Rntlp in 
yeast. A first publication highlighted the relationship between the localization of this 
enzyme and cell cycle progression. A change in localization of Rntlp from the nucleolus to 
the nucleoplasm contributes to passage through G2/M. A second publication focused on the 
interaction between Rntlp and the rRNA transcription machinery. Rntlp was found to 
interact with RNA pol I and to be implicated in its transcription termination. We also used 
Rntlp as a tool to uncover mRNAs that are posttranscriptionaly regulated in the nucleus. 
The case studied in this work shows a role for this nuclear degradation mechanism towards 
promoting the robustness of the cell wall stress response. 
Key words :RNase III, Saccharomyces cerevisiae, rRNA, mRNA regulation, cell cycle, 
stress response 
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INTRODUCTION 
1. Le cycle cellulaire 
La cellule est à la biologie ce que l'atome est à la chimie: c'est l'élément de base du 
vivant. Une cellule est un être vivant en soi dans le cas des unicellulaires ou encore une 
infime fraction d'un organisme multicellulaire. Malgré la grande diversité des être vivants 
sur terre, certains principes sont conservés à travers les différents types de formes de vie. 
Par exemple, c'est par division que les organismes unicellulaires se reproduisent et que les 
organismes multicellulaires se développent. Le terme cycle cellulaire définit la chaîne 
d'événements menant à la division d'une cellule. Ce cycle est divisé en quatre phases dont 
les limites sont déterminées par deux événements essentiels à la viabilité de la progéniture : 
la réplication du matériel génétique et sa séparation égale entre les deux nouvelles cellules 
(Alberts et al., 2002). 
1.1. Les phases du cycle cellulaire 
Le début et la fin du cycle cellulaire coincident au moment de la division d'une 
cellule en deux. La première étape du cycle cellulaire, appelée G1 (Gap 1), consiste en une 
étape de croissance pendant laquelle la cellule nouvellement formée accumulera les 
composantes nécessaire à la duplication de son génome. La réplication de l'ADN se produit 
au cours de la deuxième étape appelée phase S (Synthèse). Cette étape est suivie d'une 
seconde étape de croissance, G2, pendant laquelle la cellule-mère se pépare pour la 
division. Ces trois premières phases sont aussi appelées l'interphase et consistent en la 
préparation de la cellule pour la phase finale. La mitose (M) constitue la dernière phase, qui 
elle-même comporte plusieurs étapes. Chez la plupart des eucaryotes, la mitose commence 
par la condensation de la chromatine et l'assemblage du fuseau mitotique au cours d'une 
étape appelée la prophase. Pendant la prométaphase, il y a perte de la membrane nucléaire 
et attachement des chromosomes aux microtubules. À la métaphase, les chromosomes 
s'alignent dans le plan de la future division avec chaque chromatide d'un chromosome relié 
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à un pôle différent via les microtubules. À 1'anaphase les chromatides se séparent pour 
migrer vers les centrioles pour rejoindre les pôles lors de l'étape suivante, la télophase. À 
ce moment, la membrane nucléaire se reforme autour des nouveaux groupes de 
chromosomes pour donner lieu à deux noyaux contenant des répliques exactes du bagage 
génétique de la cellule. Finalement, la cytokinèse a lieu, séparant le cytosol de la cellule 
mère pour créer deux nouvelles cellules (Alberts et al., 2002; Figure 1). 
prophase prométaphase métaphase anaphase télophase cytokinèse 
Figure I: Les phases du cycle cellulaire. Le cycle cellulaire se divise en 
quatre étapes ou phases. Les 3 phases G1 (gap 1), S (synthèse) et G2 (gap2) 
constituent l'interphase et correspondent à la période de croissance et de 
réplication du matériel génétique en vue de la phase finale: la phase M (mitose). 
À cette étape, le noyau se divise dans un premier temps, puis la cytokinèse 
cause la séparation de la cellule fille de la cellule mère. Le détail des étapes de 






Le cycle cellulaire a été étudié chez plusieurs organismes dont la levure de 
boulangerie Saccharomyces cerevisiae. Ce champignon unicellulaire offre l'avantage d'être 
un système dans lequel des manipulations génétiques peuvent être réalisées rapidement et 
facilement grâce à la machinerie de recombinaison homologue présente dans cet organisme 
et à sa particularité de pouvoir se répliquer en état haploïde comme diploïde (Guthrie et 
Fink. 1991). Suite à la complétion du séquençage de son génome en 1996 (Cherry et al.. 
1997), de nombreux outils furent développés comme par exemple des collections de 
mutants de délétion (Winzeler et al., 1999) ou de surexpression (Sopko et al., 2006). 
Contrairement à plusieurs autres types de cellules qui se divisent par fission, la levure S. 
cerevisiae se divise par bourgeonnement. L'apparition du bourgeon coincide avec le début 
de la phase S, puis ce bourgeon grossit tout au long des phases G2 et M. Ainsi, il est 
possible de déterminer la position d'une cellule dans le cycle cellulaire par l'analyse 
microscopique de sa morphologie (Hartwell, 1974; Figure 2). Historiquement, plusieurs 
régulateurs du cycle cellulaire furent découverts chez S. cerevisiae par cribblage de 
banques de mutants qui bloquent le cycle cellulaire à l'une ou l'autre de ses étapes 
(Hartwell, 1974). De cette manière, les mécanismes généraux de la régulation du cycle 





col du bourgeon 





Figure 2: Le cycle cellulaire de S. cerevisiae. Les mêmes étapes du cycle 
cellulaire sont conservées de la levure à l'humain. Deux des particularités du 
cycle cellulaire de S. cerevisiae sont que la membrane nucléaire reste intacte 
tout au long de la mitose et que cette levure se divise par bourgeonnement. Ce 
dernier trait permet d'identifier les phases du cycle cellulaire par rapport à la 
taille du bourgeon (adapté de Li. 2000) 
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Les principales voies de régulation du cycle cellulaire de S. cerevisiae sont 
résumées dans la figure 3. Au centre du contrôle du cycle cellulaire se trouve une kinase 
dont l'activité dépend de la liaison de cyclines : Cdc28p chez S. cerevisiae et Cdkl chez 
l'humain (Alberts et al., 2002). Alors, que la kinase Cdc28p est exprimée tout au long du 
cycle cellulaire, l'expression des cyclines est confinée à une période précise du cycle 
cellulaire (Bâhler, 2005; Wittenberg et Reed, 2005). Par exemple, les cyclines Clnlp, 
Cln2p et Cln3p sont exprimées durant la phase G1 et contribuent à la transition vers la 
phase S tandis que les cyclines Clblp et Clb2p s'accumulent en phase G2 et contribuent à 
la transition G2/M. Ces cyclines confèrent la spécificité et l'activité à la kinase. 
Contrairement à la kinase Cdc28p, les cyclines et leurs ARNm ont des demi-vies plutôt 
courtes permettant de les éliminer rapidement une fois leur rôle complété (Schneider et al., 
2004). Une partie importante de la régulation du cycle cellulaire se passe donc au niveau de 
la régulation de l'expression des cyclines. Celles-ci sont produites suites à des vagues de 
transcription et détruites par protéolyse ciblée par ubiquitinylation (Willems et al., 1999). 
L'activité des complexes Cdc28-Cycline est aussi régulée par phosphorylation et par 











Figure 3: La régulation du cycle cellulaire de 5. cerevisiae. La transition 
d'une phase à l'autre du cycle cellulaire est régulée par Pactivation et 
l'inactivation successive de la cycline-dépendante kinase Cdc28p par la liaison 
des cyclines. Les cyclines sont exprimées au moment requis et dégradées par le 
protéasome suite à leur ubiquitinilation. L'activité des complexes Cdc28p-
cycline est aussi régulé par phosphorylation. Les complexes Cdc28p-cyclines 
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spécifiques à chaque phase du cycle cellulaire sont encerclés. Les flèches grises 
marquent la direction de la progression du cycle. Les flèches pointillées 
correspondent à des activations de transcription, les flèches pleines à des 
activations de la protéine, les flèches à tête plates représentent des événements 
deactivation. Phosphorylation p+, déphosphorylation p-, ubiquitinilation u+ 
(inspiré du modèle du cycle cellulaire de la levure de la base de donnée Kegg 
http://www.genome.jp/kegg/pathway/sce/sce04111 .html) 
1.2. Les points de contrôle 
La régulation du cycle cellulaire est d'une importance capitale. Chaque phase doit 
se produire dans un ordre précis et être complétée avant l'amorce de la prochaine. La perte 
de cette régulation peut mener à la division de production de cellules dont le matériel 
génétique sera partiel ou répété. Dans le cas d'organismes multicellulaires, la perte de 
contrôle de la division des cellules mène au cancer. On appelle checkpoints les points de 
contrôles qui régissent le passage d'une phase à une autre. Certains points de contrôles sont 
activés à chaque division, d'autres sont activés en réponse à des signaux extérieurs comme 
la présence d'hormones, des changements de condition de croissance ou la présence d'un 
stress (Alberts et al., 2002). 
La découverte de mutants cdc (cell division cycle) qui bloquent le cycle cellulaire à 
différentes étapes a permis l'identification des facteurs nécessaires au passage d'une phase 
à l'autre (Hartwell, 1974). Par la suite, l'étude de mutants qui permettent la progression du 
cycle cellulaire au-delà des bloquages causés par des mutants cdc a permis d'identifier les 
mécanismes de points de contrôles du cycle cellulaire (Hartwell et Weinert, 1989). Ceux-ci 
comprennent entre autre les points de contrôle de la complétion de la réplication de l'ADN 
et de la morphogénèse du bourgeon (Figure 4). Dans le premier cas, à chaque cycle 
cellulaire, la machinerie de détection des dommages à l'ADN retardera l'entrée en mitose 
tant que l'ADN n'aura pas été complètement dupliqué (de Bruin et Wittenberg, 2009). Le 
checkpoint de la morphogénèse du bourgeon empêche l'induction de la mitose tant que la 
dégradation d'un inhibiteur du complexe Cdc28p-Clb2p, Swelp n'aura pas eu lieu. Cette 
dégradation dépend du recrutement de Swelp au col du bourgeon. La cellule s'assure ainsi 
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qu'un bourgeon existe avant d'amorcer la division de son matériel génétique (Keaton et 
Lew, 2006). Ces points de contrôle jouent un rôle important dans l'ordonance de la 
séquence des événements du cycle cellulaire, mais aussi pour vérifier que des conditions 
favorables soient présentes afin d'assurer la viabilité. De fait, plusieurs voies de réponse au 
stress partagent des facteurs communs aux points de contôle et peuvent ainsi contribuer à 
retarder le cycle cellulaire jusqu'à ce que les conditions causant le stress soient corrigées 
















de complétion de la 
réplication de l'ADN 
Checkpoint 
des dommages à l'ADN 
Figure 4: Les points de contrôle du cycle cellulaire de S. cerevisiae. Les 
points de contrôles ou checkpoints permettent de retarder la transition des 
phases du cycle cellulaire lorsque certaines conditions ne sont pas remplies ou 
que des problèmes surviennent. Par exemple, la détection de dommages à 
l'ADN retarde l'entrée des cellules en phase S, bloque la réplication de l'ADN 
ou empêche l'entrée en mitose dépendamment de l'étape à laquelle la cellule 
visée est rendue. Aussi, utilisant la même machinerie, l'entrée en mitose ne peut 
se produire tant que l'ADN n'a pas été complètement répliqué. Une autre 
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condition essentielle à l'entrée en mitose est la formation du bourgeon 
monitorée par le checkpoint de morphogénèse. Par la suite, la séparation des 
chromosomes (anaphase) ne s'effectue pas tant que tous les chromosomes 
n'auront pas été attachés au fuseau mitotique. La cellule s'assure ensuite que les 
pôles du fuseau sont bien alignés dans l'axe mère-fille avant la cytokinèse. 
2. La réponse au stress 
L'environnement naturel de la levure Saccharomyces cereviasiae propose plusieurs 
défis à la survie de ce microorganisme. Par exemple, à la surface d'un raisin, la levure sera 
soumise à des changements de température, de sécheresse, de disponibilité des nutriments 
(Fuchs et Mylonakis, 2009). En réponse à ces changements environnementaux, la cellule 
doit réagir en modifiant son programme d'expression pour s'adapter à la perturbation ou 
attendre que la crise passe avant de reprendre sa croissance. Des études génomiques ont 
démontré que pour une dizaine de types de stress testés, environ 10% des gènes de la levure 
subissaient une réponse commune et transitoire, soit de manière positive ou négative 
(Gasch et al., 2000; Causton et al., 2001). Cette base constitue la réponse générale au stress 
et une grande partie de cette régulation est causée par la translocation au noyau des facteurs 
de transcription Msn2p et Msn4p en réponse au stress. Les gènes induits préparent la 
première ligne de défense qui compte des protéines impliquées dans la réparation de 
l'ADN, la gestion des radicaux libres, le repliement et la dégradation des protéines ainsi 
que la gestion de l'énergie (Gasch et al., 2000). D'un autre côté, une partie des gènes 
réprimés par la réponse générale au stress comporte des gènes impliqués dans la synthèse 
des protéines comme des protéines ribosomales. La synthèse des ribosomes étant une 
dépense énergétique importante de la cellule, un ralentissement temporaire de cette voie 
permettrait de concentrer les ressources ailleurs (Causton et al., 2001). En plus de la 
réponse générale au stress, chaque type de stress provoque aussi une réponse spécifique au 
type de problème rencontré. 
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2.1. Stress, réponse, récupération 
Afin de répondre au stress de manière appropriée, la cellule doit pouvoir reconnaître 
la présence, la nature et l'intensité du stress. Par exemple, lors d'une augmentation de la 
pression osmotique à l'extérieur de la cellule, l'eau contenue à l'intérieur de la cellule sera 
attirée vers l'extérieur par osmose. Pour éviter de se dessécher, la levure réagit en 
produisant du glycérol qui servira à équilibrer la pression osmotique (Chen et Thorner, 
2007). Cette voie de réponse HOG (high osmotic glycerol) dépend de la MAPK (Mitogen-
activated protein kinase) Hoglp (Figure 5, panneau de gauche). La première étape de 
l'activation de la réponse au stress est sa reconnaissance. Dans ce cas-ci, deux récepteurs 
membranaires, Slnlp et Sholp vont réagir à l'augmentation de la pression osmotique 
externe et amorcer l'activation de la cascade de signalisation de manière indépendante. 
D'un côté Slnlp sera désactivé et cessera de phosphoryler Ypdlp dont le rôle est 
d'empêcher l'interaction entre Ssklp et les MAPK kinase kinase (MAPKKK) Ssk2p et 
Ssk22p. Une fois activés Ssk2p et Ssk22p phosphoryleront la MAPK kinase (MAPKK) 
Pbs2p. D'un autre côté, Pbs2p peut aussi être phosphorylé par la MAPKKK Stel lp suite à 
son activation par Ste20p d'une manière dépendante de la formation d'un complexe avec 
Cdc42p, Ste50p et du récepteur Sholp. Pbs2p, activé par l'une de ces deux voies, activera à 
son tour Hoglp par phosphorylation. Hoglp phosphorylé transloque majoritairement du 
cytoplasme vers le nucléoplasme où il interviendra dans la régulation de la transcription de 
gènes reliés à la réponse au stress hyperosmotique via l'activation de facteurs de 
transcription (Hotlp, Smplp, Msnlp, Msn2p, Msn4p, Skolp), l'initiation et l'élongation de 
la transcription par interaction avec l'ARN polymérase II ou par remodelage de la 
chromatine (de Nadal et Posas, 2010). Les gènes activés par Hoglp vont favoriser 
l'accumulation de glycérol comme GPD1 et GPP2 impliqués dans la biosynthèse du 
glycérol et STL1 impliqué dans son import. Le rétablissement de l'équilibre osmotique 
causé par l'accumulation de glycérol est la cause la plus acceptée de l'inactivation de 
Hoglp suite à la réponse au choc hyperosmotique. La perte de stimulation des récepteurs 
membranaires réduit l'activation de Hoglp et des phosphatases comme Ptp2p et Ptp3p 
s'occupent de ramener Hoglp à son état initial (Hohmann, 2009). 
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Figure 5: Les voies de réponse au stress de haute osmolarité et de 
l'intégrité des parois. Deux voies de MAPK parallèles répondent à une 
multitude de stress via l'activation de récepteurs membranaires. Dans la plupart 
des cas, les deux voies sont activées de manière indépendante, mais des 
conditions telles qu'une digestion de la paroi par la zymolyase peut mener à 
l'activation séquentielle de la voie CWI par la voie HOG. (adapté de 
Rodriguez-Pena et al., 2010). 
2.2. Le stress des parois 
Une autre voie de MAPK distincte de la voie de Hoglp s'occupe de répondre au 
stress des parois tels que les chocs hypoosmotiques, les attaques à l'intégrité de la paroi ou 
les problèmes de synthèse de paroi (Levin, 2005). Cette voie de signalisation de réponse au 
stress de l'intégrité des parois cellulaires ou CWI (cell wall integrity) commence par 
l'activation de récepteurs membranaires tels que Wsclp/Slglp, Mtllp et Mid2p (Figure 5, 
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panneau de droite). Associés à ces récepteurs, Romlp et Rom2p vont promouvoir la 
transition de la protéine G Rholp de son état inactif (lié à GDP) vers son état actif (lié à 
GTP). Rholp-GTP interagit avec Pkclp pour l'activer. Pkclp active par la suite la 
MAPKKK Bcklp qui active les MAPKK Mkklp et Mkk2p. Finalement, ces deux kinases 
activent la MAPK Slt2p par phosphorylation. Parmi les cibles de Slt2p se trouvent les 
facteurs de transcription Rlmlp et SBF. Rlmlp régule la transcription de SLT2 et de 
plusieurs facteurs impliqués dans la synthèse de la paroi cellulaire de la levure dont les 
beta-glucan synthases F KSI et GSC2 ainsi que la chitine synthase CHS3 (Jung et Levin, 
1999). Le facteur de transcription bi-partie SBF composé de Swi4p et Swi6p et 
habituellement impliqué dans l'activation de la transition Gl/S du cycle cellulaire est dirigé 
vers le promotteur de GSC2 par Slt2p en réponse à l'activation de la voie CWI (Kim et al., 
2010). Slt2p est ensuite inactivé par les phosphatases Ptp2p et Ptp3p, majoritairement par 
Ptp2p dont l'expression est aussi induite par Rlmlp (Hahn et Thiele, 2002). 
2.3. Connections entre les voies de réponse au stress 
L'interconnection des différentes voies de réponse au stress est démontrée par la 
possibilité d'être activées par les même stress et l'existence de cibles communes activées 
par plusieurs de ces voies. Par exemple, les deux voies de réponse au stress osmotiques 
décrites précédemment, en plus de répondre spécifiquement au choc hyperosmotique dans 
le cas de la voie HOG ou au choc hypoosmotique pour la voie CWI, sont également 
activées de manière commune par les stress thermiques, oxydatifs, la présence d'acide ou 
les attaques enzymatiques de la paroi cellulaire (Rodriguez-Pefla et al., 2010; Figure 5). 
Malgré que les rôles classiquement attribués à ces voies de réponse soient opposés, une 
coopération existe entre elles pour la réponse au stress hyperosmotique dans lequel 
l'expression de SLT2 est induite via l'activation du facteur de transcription Rlmlp par 
Hoglp (Hahn et Thiele, 2002) et l'activation de la voie CWI de manière dépendante du 
récepteur Mid2p (Garcia-Rodriguez et al., 2005). De cette manière, la réponse causée par 
l'activation de la voie HOG rétablit l'équilibre osmotique en augmentant l'accumulation de 
glycérol tandis que l'activation de la voie CWI renforce les parois afin de mieux résister 
aux changements de pression. 
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En plus de la réponse transcriptionnelle ayant pour but de permettre à la cellule de 
confronter les éléments extérieurs, l'activation des voies de réponse au stress HOG et CWI 
causent des délais au cycle cellulaire (Figure 6). Dans le cas de l'activation de la voie HOG, 
un arrêt transitoire des phases G1 et G2 est observé. L'arrêt en G1 est causé par la 
stabilisation de l'inhibiteur Siclp dont la présence retarde l'entrée en action des complexes 
Clb5p- et Clb6p-Cdc28p pour l'initiation de la réplication de l'ADN. La phosphorylation 
de Siclp par Hoglp prévient sa dégradation par le protéasome. De plus, l'activation de la 
voie HOG réduit l'expression des cyclines Clnlp et Cln2p, retardant aussi l'apparition du 
bourgeon (Escoté et al., 2004). L'arrêt en G2 causé par l'activation de la voie HOG se fait 
via la phosphorylation de Hsllp. Cette kinase impliquée dans le point de contrôle de la 
morphogénèse a pour but de recruter Swelp, un inhibiteur des complexes Clblp- et Clb2p-
Cdc28p, pour qu'il soit dégradé. La phosphorylation de Hsllp par Hoglp prévient ce 
recrutement et retarde l'entrée en mitose par stabilisation de Swelp (Clotet et al., 2006). La 
voie de CWI interagit elle aussi avec le cycle cellulaire au niveau de la régulation des 
complexes Clblp- et Clb2p-Cdc28p. Dans ce cas, la phosphatase Mihlp est inactivée par 
Slt2p. Mihlp est l'antagoniste de Swelp et a pour rôle d'activer Cdc28p lié à Clblp ou 
Clb2p par la déphosphorylation de Cdc28p (Harrison et al., 2001). L'inactivation de Mihlp 
par Slt2p tout comme la stabilisation de Swelp par Hoglp via l'inactivation de Hsllp 
résultent en un délai pour l'entrée en mitose. La kinase Hsllp crée un autre lien fonctionnel 
entre ces deux voies de réponse au stress puisqu'il a été démontré récemment que Hsllp 
réprimait Slt2p (Simpson-Lavy et al., 2009). De plus, certains processus contrôlés par les 
voies de réponse au stress, comme la synthèse des parois, se doivent d'être eux-même 
régulés au cours du cycle cellulaire. Ainsi, Slt2p est activé à la transition Gl/S (Zarzov et 
al., 1996), soit au moment de l'apparition du bourgeon quand la croissance est polarisée 
vers un point précis de la paroi. Par ailleurs, plusieurs composantes de la voie CWI vont se 







Figure 6: La régulation du cycle cellulaire par les voies de réponse au 
stress. Suite à 1' activation de Hoglp de la voie de réponse au stress 
hyperosmotique, les inhibiteurs de Cdc28p Siclp et Swelp seront stabilisés 
causant un délai en G1 et G2. Suite à 1'activation de Slt2p de la voie de réponse 
au stress de l'intégrité des parois, Mihlp sera inhibé causant un délai en G2 
(inspiré de Chen et Thorner, 2007). 
En résumé, les voies de réponse au stress peuvent réguler négativement la 
progression du cycle celluaire quand les conditions extérieures sont inhospitalières en plus 
de participer à la réponse de la cellule face à cet assaut. Pour faire face aux différentes 
attaques de l'environnement, la cellule dispose d'une voie de réponse générale et d'un 
nombre limité de voies de réponse spécifiques. Celles-ci sont organisées en réseau plutôt 
que de manière parallèle et les interactions entre celles-ci permettent d'ajouter à la diversité 
des types de réponse. Autant pour les voies de réponse au stress que pour le cycle 
cellulaire, la coordination des événements se fait tant au niveau de la régulation 
transcriptionnelle, des interactions protéines-protéines et des modifications post-
traductionnelles (Chen et Thorner, 2007). 
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3. La régulation des gènes 
Un gène consiste en une région d'ADN contrôlant un trait héréditaire. Cette région 
comprend tous les éléments fonctionnels nécessaires à son expression, soit la séquence qui 
sera exprimée, les séquences d'ADN régulatrices et les introns (Alberts et al., 2002). La 
transcription d'un gène résulte en un ARN qui portera lui-même la fonction du gène dans le 
cas d'un ARNnc (ARN non-codant) ou qui portera l'information nécessaire à la production 
de la protéine par la traduction d'un ARNm (ARN messager). 
3.1. La régulation des ARN non-codants 
Les ARNnc constituent la majorité de la transcription produite tant au niveau de la 
quantité que de la diversité. Jusqu'à récemment, on associait le terme d'ARNnc qu'aux 
ARNr (ARN ribosomaux), ARNt (ARN de transfert), ARNpn (petits ARN nucléaires) et 
ARNpnu (petits ARN nucléolaires). Cependant, la classe des ARNnc a pris de l'expansion 
depuis l'arrivée des techniques de génomique. On sait maintenant que tant chez l'humain 
que la levure, plus de 85% du génome est exprimé (David et al., 2006; Wilusz et al., 2009) 
ce qui signifie que la majorité des régions exprimées correspondent à des segments non-
codants. On identifie les nouvelles classes d'ARNnc selon leur taille, leur type de 
maturation, leur origine et leur fonction. 
Parmi les ARNnc les mieux connus se trouvent les ARNr qui sont inclus dans les 
ribosomes. Les ribosomes eucaryotes sont formés de 2 sous-unités: la grande sous-unité de 
60S (LSU, large subunit) qui contient l'activité de synthèse peptidique et la petite sous-
unité de 40S (SSU, small subunit) qui permet de lier l'ARNm à traduire. Chez la levure 
Saccharomyces cerevisiae, la LSU est composée de 3 ARNr: le 25S, le 5.8S et le 5S et de 
46 protéines ribosomales alors que la SSU comporte 1 seul ARNr: le 18S et 33 protéines 
ribosomales (Ben-Shem et al., 2010). L'ARNr compose le squelette du ribosome sur lequel 
les protéines ribosomales viendront se fixer. C'est aussi l'ARNr qui possède l'activité 
catalytique du ribosome (Alberts et al., 2002). La production des ribosomes nécessite un 
investissement important pour la cellule. La levure, en période de croissance, contient 
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environ 200 000 ribosomes (Warner, 1999). Celle-ci, se divisant en eviron 100 minutes, 
doit alors en produire 2000 par minute. Les 3 ARN pol de la levure sont mises à 
contribution pour cette tâche. L'ARN pol I a pour seule mission de produire le transcrit 
primaire de 35S qui mènera aux ARNr 18S, 5.8S et 25S. L'ARN pol II s'occupe de la 
transcription des ARNm codants pour les protéines ribosomale. L'ARN pol III s'occupe de 
la synthèse de l'ARNr 5S. La transcription des ARNr correspond à environ 60% de la 
transcription totale de la cellule alors que près de 50% de tous les ARNm transcrits par 
1'ARN pol II sont des ARNm de protéines ribosomales. La demande en ribosome dépend de 
l'état de croissance de la cellule et afin d'utiliser ses ressources de manière efficace, la 
synthèse des ribosomes se doit d'être régulée précisément (Warner, 1999). 
L'ARNr est transcrit à partir d'un locus présent en plusieurs copies sur le 
chromosome XII de S. cerevisiae. La région du noyau occupée par cette partie du génome 
se nomme le nucléole et est définie comme le site de la synthèse des ribosomes. On 
retrouve de 100 à 200 de ces répétitions de 9.1 kb placées une à la suite de l'autre contenant 
les séquences nécessaires à la transcription du transcrit primaire 35S et du transcrit 5S 
(Figure 7). En condition de croissance, près de la moitié de ces unités sont utilisées pour la 
transcription et adoptent une configuration nucléosomale ouverte, les autres sont inactives 
et adoptent une configuration nucléosomale fermée. Cet équilibre change vers la fermeture 
lorsque la croissance des cellules ralentit et vers l'ouverture lorsque la croissance des 
cellules augmente (Dammann et al., 1993). Un premier contrôle se produit donc au niveau 
de l'accessibilité de l'ADN à la transcription. Un autre contrôle se produit au niveau de la 
régulation de l'ARN pol I. L'initiation de la transcription dépend de l'assemblage d'un 
complexe d'initiation au promoteur de l'ADNr et de la liaison du facteur Rrn3p à la 
polymérase (Grummt, 2003). Le transcrit primaire 35S doit subir par la suite plusieurs 
transformations pour en arriver aux 3 ARNr matures qu'il contient. Cette maturation 
implique plus d'une centaine de facteurs et contient plusieurs étapes de clivage tant endo-
qu'exonucléolytique. Les coupures réalisées par les endonucléases séparent en morceaux le 
précurseur, puis des exonucléases viennent raccourcir les morceaux à la taille mature des 
ARNr. En même temps, le précurseur subira des modifications dirigeés par des 
ribonucléoprotéines contenant des ARNpnu. Deux types de modifications sont exercées, 
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soit la pseudouridylation consistant en la modification d'une base uridine en pseudouridine 
par isomérisation ainsi que la 2'-0 méthylation qui consiste en l'ajout d'un groupement 
méthyl au ribose. Ces modifications contribuent au repliement de l'ARNr dans le but de 
former un ribosome fonctionel (Venema et Tollervey, 1999). Un autre niveau de régulation 
de la maturation de l'ARNr consiste en l'assemblage des protéines ribosomales sur l'ARNr. 
Cet assemblage débute lui aussi dès le début de la maturation du précurseur de l'ARNr et se 
produira en plusieurs étapes dans plusieurs compartiments de la cellule (Fromont-Racine et 
al., 2003). 
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Figure 7: La maturation de I'ARNr. En haut: le locus d'ADNr est organisé 
en une centaine de répétitions d'unités de 9.1 kb placées tête-à-queue sur le 
chromosome XII de S. cerevisiae. Environ la moitié de ces unités 
transcriptionnelles sont utilisées pour la transcription de l'ARNr. L'autre moitié 
est recouverte de nucléosomes (points noirs) et non-disponible pour la 
transcription. Chaque unité code pour un transcrit primaire contenant les ARNr 
18S, 5.8S et 25S produit par l'ARN pol I et l'ARNr 5S transcrit en direction 
opposée par l'ARN pol III. En bas: schéma des étapes de maturation du 
transcrit primaire d'ARNr. Plus de détail dans le texte principal (adapté de 
Venema etTollervey, 1999). 
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3.2. La régulation des ARN messagers 
Tout comme les ARNnc, les ARNm sont tout d'abord produits sous la forme de 
précurseurs, les pré-ARNm, et doivent subir une série de transformations avant d'acquérir 
leur forme fonctionnelle. La production d'ARNm mature n'est toutefois pas l'étape ultime 
car pour cette espèce d'ARN la fonction du gène se réalise par la protéine traduite à partir 
du messager. Des étapes supplémentaires de régulation existent donc pour les ARNm au 
niveau de leur traduction. 
Les ARNm sont transcrits par l'ARN pol II (Figure 8) et comme pour tous les autres 
ARN, une première étape de régulation de leur expression se produit par l'accessibilité de la 
polymérase et des facteurs d'initiation au site de transcription. Ainsi, l'état de la chromatine 
de la région promotrice d'un gène influencera son expression. Le recrutement de l'ARN pol 
II à un promoteur dépend de la présence de facteurs de transcription spécifiques à ce 
promoteur qui permettront la liaison de facteurs généraux de transcription et la formation 
du complexe d'initiation avec la polymérase. D'un autre côté des répresseurs de 
transcription peuvent aussi se lier à la région promottrice d'un gène et venir réguler de 
manière négative la formation du complexe d'initiation de transcription. La robustesse de 
l'initiation de la transcription dépendra donc de la balance entre les facteurs positifs et 
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Figure 8: Le cycle de vie des ARNm. Suite à sa transcription, un pré-ARNm 
subira plusieurs étapes de maturation menant à F export de l'ARNm au 
cytoplasme pour être traduit par les ribosomes. Un même ARNm peut être 
traduit plusieurs fois. La voie de dégradation habituelle des ARNm en fin de vie 
utile débute par la perte de la queue polyadénylée suivie soit du décoiffage de 
l'extrémité 5' et digestion 5'-3' par l'exonucléase Xrnlp ou digestion 3' 5' par 
l'exosome cytoplasmique (adapté de Camier et Séraphin, 2007). 
Une fois la transcription amorcée, la maturation du pré-ARN s'amorcera de manière 
co-transcriptionelle. La queue C-terminale de la sous-unité Rpo21p de l'ARN pol II 
contient des répétitions d'un peptide de 7 acides aminés. Ces répétitions créent une plate-
forme sur laquelle les facteurs impliqués dans la maturation du pré-ARNm sont recrutés. La 
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première étape de maturation du pré-ARNm se produit peu après l'initiation de sa 
transcription et consiste en l'ajout d'une coiffe 7-méthyl guanosine à son extrémité 5'. Cette 
coiffe contribue à la stabilisation de l'ARNm en le protégeant contre la dégradation 5'—>3'. 
Par la suite, l'épissage du pré-ARNm le débarassera des séquences introniques pour 
assembler les exons qui seront traduits. Cette réaction requiert l'assemblage d'un complexe 
ribonucléoprotéique appelé spliceosome pour reconnaître les frontières des introns et des 
exons et procéder à la coupure et ligation de l'ARN. De manière plus importante chez les 
eucaryotes supérieurs que chez la levure dont les gènes ne contiennent que très peu 
d'introns, cette étape de maturation contribue tant à la régulation du niveau d'expression du 
gène, mais peut aussi changer la fonction de la protéine qui sera produite par sa traduction. 
Lorsqu'un pré-ARNm contient plusieurs introns, le processus d'épissage peut produire 
différents ARNm matures à partir du même pré-ARNm par épissage alternatif. Une autre 
étape de la maturation du pré-ARNm se déroulant de manière co-transcriptionnelle est sa 
terminaison et sa poly-adénylation. Ces deux étapes impliquent la reconnaissance du site de 
terminaison, la coupure du pré-ARNm, le relâchement de la polymérase et l'ajout d'une 
queue de poly-A. Cette queue de poly-A servira de site de liaison à la protéine Pablp et 
sera inpliquée dans la stabilisation de l'ARNm, son transport vers le cytoplasme ainsi que sa 
traduction (Howe, 2002). Des problèmes à l'une ou l'autre de ces étapes causeront sa 
rétention au noyau ou encore sa dégradation. La rétention permet d'accorder un délai pour 
effectuer la correction de défauts comme la non-complétion de l'épissage ou le mauvais 
assemblage des facteurs d'export sur l'ARNm. Certains ARNnc ou messagers seront ciblés 
pour la dégradation nucléaire par l'exosome suite à une poly-adénylation alternative par le 
complexe TRAMP, alors que d'autres ARN échappent à ce contrôle et sont exportés, puis 
dégradés dans le cytoplasme (Doma et Parker, 2007). 
La traduction est l'étape finale résultant en la production de la protéine. Celle-ci se 
produit dans le cytoplasme et requiert la liaison d'un ARNm à un ribosome en présence des 
facteurs d'initiation de la traduction. Un même ARNm peut être traduit plusieurs fois selon 
sa durée de vie dans le cytoplasme. La dégradation normale d'un ARNm surviendra via la 
perte progressive de sa queue de poly-A qui une fois rendue trop courte (environ 10 
nucléotides chez la levure) ne pourra plus tenir son rôle protecteur. La dégradation se 
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produira alors en direction 3' —• 5' et en direction 5' —• 3' suite à l'enlèvement de la coiffe 5' 
(McCarthy, 1998). Un mécanisme de contrôle de qualité existe aussi au niveau du 
ribosome. Différents problèmes comme la présence d'un codon de terminaison précoce ou 
l'absence de codon de terminaison vont causer la cessation de la traduction et la dégradation 
de l'ARNm fautif (Camier et Séraphin, 2007). 
3.3 La dégradation conditionnelle des ARN messagers 
En plus des mécanismes de dégradation de l'ARNm suite à sa vie utile ou par un 
mécanisme de contrôle de qualité, la dégradation peut servir à détruire un message pour 
mettre fin à l'expression de ce gène en réponse à un stimuli. Quelques exemples ont été 
relaté chez la levure au cours des dernières années dont des gènes impliqués dans le 
contrôle du cycle cellulaire comme l'ARNm Clb2 qui est dégradé de façon dépendante du 
cycle cellulaire en fin de mitose par la RNase MRP (Gill et al., 2004). La dégradation en fin 
de phase S de l'ARNm Htbl est aussi dépendante de Rrp6p et de certaines composantes du 
complexe TRAMP (Canavan et Bond, 2007; Reis et Campbell, 2007). Dans les deux cas, il 
s'agit d'ARNm dont l'expression se doit d'être régulée au cours du cycle cellulaire pour ne 
pas nuire aux phases suivantes. En réponse au choc osmotique, en plus des changements 
transcriptionnels décrits dans la section précédente, un changement global de la stabilité des 
ARNm est observé. De manière générale, les ARNm de gènes impliqués dans la réponse au 
stress et la synthèse du trehalose sont stabilisés, tandis que les ARNm de gènes de protéines 
ribosomales et de formation de la paroi cellulaire sont déstabilisés de manière transitoire 
suite à un choc osmotique (Romero-Santacreu et al., 2009). 
Des exemples de régulation conditionnelle de la stabilité des ARNm se trouvent 
autant chez les bactéries que chez les eucaryotes. Le mécanisme d'ARNi (interférence par 
l'ARN) contribue à la défense des eucaryotes contre des ARN exogènes dont des ARN 
d'origine virale. L'activation de cette voie résultera en la dégradation d'un ARN ciblé par un 
fragment d'ARN complémentaire intégré au complexe ribonucléoprotéique RISC (RNA 
induced silencing complex). Bien que ce mécanisme n'ait pas d'équivalent direct chez S. 
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cerevisiae ni chez les procaryotes, d'autres levures telles que Saccharomyces castelli ou 
Candida albicans possèdent un système comparable à l'ARNi (Drinnenberg et al., 2009). 
4. La famille des RNases m 
4.1 Les classes de RNases III 
Parmi les enzymes clés impliqués dans le mécanisme d'ARNi se trouvent Drosha et 
Dicer, deux membres de la famille des RNases III, qui sont des endoribonucléases 
spécifiques à l'ARNdb (ARN double-brin) (Carmell et Hannon, 2004). La famille des 
RNases III doit son nom à la RNase III d'Escherichia coli découverte à la fin des années 
1960 qui était la troisième RNase identifiée dans cet organisme (Robertson et al., 1968). 
Depuis, des membres de cette famille ont été identifiés tant chez les procaryotes que chez 
les eucaryotes. La caractéristique commune à toutes les RNases III est la présence d'un 
domaine nucléase, siège de l'activité catalytique de l'enzyme, ainsi que la présence d'un 
domaine de liaison à l'ARNdb. Les membres de la famille des RNases III peuvent être 
divisés en classes selon la complexité de leur structure (Figure 9). Les enzymes de la classe 
I ont les structures les plus simples et ne sont composées que d'un domaine nucléase et d'un 
domaine de liaison à l'ARNdb. On retrouve les RNases III de classe I chez les procaryotes. 
Les enzymes de la classe II comportent, en plus des deux domaines de base, un domaine N-
terminal et un domaine C-terminal. On retrouve ces enzymes chez les levures comme S. 
cerevisiae. La classe III ajoute un deuxième domaine nucléase, tandis que les enzymes de la 
classe IV comportent aussi un domaine hélicase. Drosha et Dicer sont respectivement des 















Figure 9: La famille des RNases III. Représentation des différentes classes de 
RNases III que l'on peut retrouver chez les types d'organismes identifiées à 
gauche. Les boîtes blanches représentant les domaines nucléases (NUCD) 
contenant les motifs catalytiques conservés en noir et les boîtes noires 
représentant les domaines de liaison à l'ARNdb (dsRBD) constituent les 
domaines caractéristiques aux RNases III. Les boîtes gris foncé corresondent à 
des extensions C-terminales (CTE). La boîte rayée correspond au domaine 
hélicase et l'ovale blanc au domaine de liaison aux protéines Piwi, Argonaute et 
Zwille (PAZ) de Dicer. Les boîtes gris pâle correspondent aux régions non 
conservées sans fonctions connues (adapté de Lamontagne et al., 2001). 
4.2. Rntlp, la RNase III de Saccharomyces cerevisiae 
Une seule RNase III existe chez la levure S. cerevisiae. Il s'agit de Rntlp, une 
protéine de 471 acides aminés identifiée en 1996 par homologie de séquence à la RNase III 
bactérienne. La première fonction attribuée à Rntlp fut son rôle dans la maturation de 
l'ARNr (Abou Elela et al., 1996). Depuis, on a identifié des substrats de Rntlp parmi des 
ARNpn (Abou Elela et Ares Jr, 1998), des ARNpnu (Ghazal et al., 2005) et des ARNm (Ge 
et al., 2005; Larose et al., 2007). Cette enzyme faisant partie de la classe II des RNases III, 
elle est donc composée d'un domaine nucléase et d'un domaine de liaison à l'ARNdb 
flanqués d'un domaine N-terminal de 191 acides aminés et d'une extension C-terminale de 
33 acides aminés. Au début de mes études peu était connu sur les rôles de ces deux derniers 
domaines de Rntlp sinon qu'une interaction inter- et intramoléculaire pouvait se produire 
NUCD2 NUCD1 dsRBDCTE Domaine hélicase 
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entre deux molécules de Rntlp via ces deux domaines et que cette interaction était 
importante mais non essentielle à l'activité de l'enzyme. Tout comme la RNase III 
bactérienne, Rntlp est actif sous forme dimérique (Lamontagne et al., 2000) et le clivage de 
l'ARNdb se produit sur les deux brins de l'ARNdb par les domaines nucléase des deux 
RNases en présence de magnésium par une réaction d'hydrolyse. L'analyse par 
crystallographie de la RNase III d'Aquifex aeolicus a montré que les deux sous-unités 
adoptaient une conformation anti-parallèle de sorte que les deux domaines nucléases se 
retrouvent pratiquement face à face avec les domaines de liaison à l'ARNdb pointant dans 
des directions opposées (Gan et al., 2006). Contrairement à la RNase III bactérienne qui 
discrimine ses substrats d'ARNdb par un processus d'anti-déterminants au niveau de la 
séquence primaire de ses substrats (Zhang et Nicholson, 1997), Rntlp reconnaît une 
structure secondaire particulière correspondant à une tige d'ARNdb coiffée d'une tétra-
boucle (Nagel et Ares, 2000). Des études biochimiques et structurelles ont montrées que la 
reconnaissance du substrat par Rntlp se faisait via l'interaction d'un des domaine de liaison 
à l'ARNdb avec la tétra-boucle via un réseau de pont hydrogène (Wu et al., 2004; Lavoie et 
Abou Elela, 2008). La reconnaissance de l'extrémité de la tige-boucle placerait le dimère 
sur son substrat de manière à obtenir le clivage caractéristique à 14 et 16 nucléotides de la 
boucle sur les brins 5' et 3' de la tige (Nagel et Ares, 2000). L'état actuel des travaux 
structuraux et biochimiques permettent l'élaboration d'un modèle de mécanisme de liaison 
et de clivage de Rntlp illustré dans la Figure 10 et inspiré de (Lavoie et Abou Elela, 2008). 
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Figure 10: Le clivage d'ARNdb par Rntlp. Les bâtonnets bleus, verts et 
rouges représentent respectivement les domaines N-terminal (N-term), nuclease 
(NUCD) et de liaison à l'ARNdb (dsRBD). Le modèle actuel d'interaction et de 
clivage de Rntlp propose une liaison initiale d'un domaine dsRBD avec la 
boucle du substrat, suivi d'un réarrangement structurel du dimère d'enzyme 
autour du substrat. Le clivage peut ensuite se produire sur les deux brins du 
substrat de manière dépendante de la présence d'ions magnésium au site de 
clivage. Les produits de clivage sont ensuite relâchés (adapté de Lavoie et Abou 
Elela, 2008). 
4.3. Rôles anciens et nouveaux des RNases III 
4.3.1. Maturation d'ARNnc 
Le rôle classique des RNases III est leur implication dans la maturation de l'ARNr. 
Chez E. coli, la RNase III procède à la séparation du transcrit primaire 30S par clivage de 
régions d'ARNdb flanquant les ARNr 16S et 23 S par appariement de séquence à leurs 
extrémités 5' et 3' (Gegenheimer et al., 1977). Chez S.cerevisiae, Rntlp coupe une tige 
boucle exprimée à l'extrémitée 3' du transcrit primaire, formant ainsi le 35S qui est le 
premier précurseur pouvant être observé dans la levure (Abou Elela et al., 1996). Dans les 
deux cas, des voies alternatives à la synthèse d'ARNr existent sans quoi les souches de 
délétion seraient inviables par faute de ribosomes fonctionnels. 
Parmi les autres ARNnc substrats de Rntlp se trouvent les ARNpn qui sont 
impliqués dans l'épissage. Rntlp est impliqué dans la maturation de 4 des 5 ARNpn de la 
levure (Chanfreau et al., 1997; Abou Elela et Ares Jr. 1998; Allmang et al., 1999; Seipelt et 
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al., 1999). Dans les 4 cas, Rntlp clive une structure se trouvant dans le précurseur en 3' de 
l'extrémité de l'ARN mature. 
Plusieurs ARNpnu qui servent à cibler des modifications sur le pré-ARNr sont aussi 
des substrats de Rntlp. Trente-deux ARNpnu, majoritairement de classe C/D, ont été 
répertoriés comme substrats de Rntlp (Chanfreau et al., 1998; Ghazal et al., 2005). Dans le 
cas des ARNpnu, les clivages se produisent aussi dans des structures présentes dans les 
précuseurs des ARNpnu et contribuent à leur maturation, mais ne se produisent pas 
exclusivement en 3' des précurseurs. Dans certains cas, des précurseurs dicistroniques sont 
coupés en leur milieu pour libérer deux ARNpnu comme pour snR128 et snR190 
(Chanfreau et al., 1998). Dans d'autres cas, des ARNpnu sont encodés à l'intérieur d'introns 
et sont relâchés suite au clivage par Rntlp dans l'intron (Ghazal et al., 2005). 
Le mécanisme d'ARNi mentionné précédemment dépend de la maturation d'ARNnc 
par des RNases III des classes III et IV telles que Drosha et Dicer. Cette voie de régulation 
est dépendante d'ARNdb dont un brin sera incorporé au complexe RISC et servira à cibler 
le RISC à son substrat. La nature de l'ARN incorporé au RISC déterminera aussi le résultat 
de l'interaction de RISC et de son substrat. Deux principaux types d'ARN peuvent être 
intégrés au RISC. Les siARN (small interfering ARN) sont majoritairement d'origine 
exogène et seront créés à partir d'ARNdb coupé par Dicer en morceaux de 21 à 25 
nucléotides. Le siARN a une homologie parfaite avec sa cible et induit la dégradation de sa 
cible par RISC. Les miARN (microARN) sont d'origine endogène et produits sous forme de 
précurseurs pri-miARN (primaire miARN) qui sont clivés dans le noyau en morceaux 
d'environ 70 pb par Drosha avant d'être exportés du noyau. Les pre-miARN (précurseur 
miARN) maintenant au cytoplasme sont pris en charge par Dicer qui termine leur 
maturation en miARN en les réduisant en ARNdb de 21 à 25 nucléotides. Les miARN n'ont 
qu'une homologie partielle avec leurs cibles et préviennent la traduction de leurs cibles par 
l'interaction avec le complexe RISC (Siomi et Siomi, 2009). 
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4.3.2. Dégradation d'ARNm 
Par l'ARNi, les RNases III sont impliquées de manière indirecte dans la dégradation 
d'ARNm, mais aussi, tant chez E. coli que chez S. cerevisiae, des exemples de clivage 
direct d'ARNm par ces RNases III ont été relatés. La RNase III bactérienne peut cliver son 
propre ARNm et ainsi autoréguler son niveau d'expression (Bardwell et al., 1989). Rntlp 
peut, entre autre, cliver les ARNm de MIG2, un gène impliqué dans la régulation du 
glucose (Ge et al., 2005) et celui de EST1, codant pour une composante de la télomérase 
(Larose et al., 2007). Dans ces trois exemples, les sites de clivage se trouvent à l'intérieur 
de la séquence codante des ARNm ciblés. Ainsi, le clivage coupe l'ARNm en deux et 
produit de nouvelles extrémités 5' et 3' non protégées susceptibles à la dégradation par les 
exonucléases cellulaires. 
4.3.3. Rôles non-catalytiques 
La RNases ID d'E. coli et Rntlp peuvent lier des ARNdb sans les cliver (Calin-
Jageman et Nicholson, 2003; Lavoie et Abou Elela, 2008). De cette manière, une méthode 
différente de régulation de l'ARN peut exister. Plutôt que de contribuer à sa maturation ou à 
sa dégradation, la RNase III pourrait, du moins chez les eucaryotes, séquestrer un ARNm 
au noyau et empêcher sa traduction. 
Un autre rôle des RNases III indépendant de leur activité catalytique consiste à 
l'interaction avec d'autres protéines. Dans le cas de Rntlp, un exemple a été démontré où 
Rntlp interagissait avec Garlp, une protéine du complexe ribonucléoprotéique H/ACA 
responsables de la pseudouridylation de l'ARNr. Dans cet exemple, Garlp interagit avec 
Rntlp via son domaine de liaison à l'ARNdb de manière compétitive avec l'ARNdb. 
L'interaction est requise pour la localisation de la machinerie de pseudouridylation à son 
site actif, le nucléole (Tremblay et al., 2002). 
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5. Objectifs du projet 
Le niveau d'expression d'un ARN est le résultat de l'équilibre entre sa synthèse et sa 
dégradation. Les RNases III contribuent à la synthèse de plusieurs ARNnc par la 
participation à leur maturation et contribuent à la dégradation de certains ARNm. Bien que 
plusieurs substrats aient été identifiés, peu de détails étaient connus sur la régulation de 
l'activité des enzymes de cette famille. En utilisant la RNase III de Saccharomyces 
cereviasiae (Rntlp) comme modèle d'étude, nous avons cherché à comprendre le rôle que 
joue cette enzyme dans la cellule et comment cette enzyme est régulée. 
Pour identifier les rôles de Rntlp, nous avons appliqué une approche basée sur les 
phénotypes associés à la délétion de RNT1. Les trois phénotypes qui ont orienté mes 
recherches sont: 1) le délai dans la phase G1 du cycle cellulaire observé en absence de 
Rntlp; 2) les défauts de maturation de l'ARNr liés à l'absence de Rntlp; 3) la sensibilité des 
levures rntl A au stress des parois. 
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CHAPITRE 1 
La localisation nucléaire de la RNase III de la levure au cours du cycle cellulaire est requise 
pour l'efficacité de la division cellulaire. 
Cell cycle-dependent nuclear localization of yeast RNase III is requiredfor efficient 
cell division 
Mathieu Catala, Bruno Lamontagne, Stéphanie Larose, Ghada Ghazal et Sherif Abou Elela 
Molecular Biology of the Cell, volume 15, pages 3015-3030,2004. 
AVANT PROPOS 
J'ai contribué à la rédaction de la première version de ce manuscrit ainsi qu'à la 
révision de toutes les versions successives. 
J'ai réalisé 90% des expériences présentées dans les figures de cet article. La figure 
1A a été réalisée par S. Larose, les figures 3A et 8E ont été réalisées par G. Ghazal. B. 
Lamontagne a réalisé le clone initial de GFP-RNT1 et a réalisé la figure 6B. 
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RÉSUMÉ DE L'ARTICLE 
Des défauts de croissance sont associés à la perte de la RNase III de la levure S. 
cerevisiae, Rntlp, incluant un ralentissement important de la croissance et l'incapacité à 
croître à température élevée. Les travaux présentés dans le présent article ont décortiqué les 
phénotypes associés à la délétion de RNT1 dans le but de mieux comprendre le rôle de cet 
enzyme dans la cellule. Il a été observé qu'une population de cellules rntlA comporte plus 
de cellules en phase G1 du cycle cellulaire qu'une population de type sauvage. Par 
différents essais de croissance, il a été déterminé que près de 30% des cellules rntlA 
n'arrivent pas à former de nouvelles colonies malgré que seulement 10 à 15% des cellules 
soient métaboliquement inactives. Lors du suivi de division par microscopie, il a été 
observé qu'un délai en G2/M se produisait aussi chez les rntlA causé par un délai dans 
l'ancrage des microtubules à l'extrémité du bourgeon pour permettre la directionalité de la 
division nucléaire. Par immunofluorescence et marquage à la GFP, il a été établi que la 
localisation de Rntlp changeait au cours du cycle cellulaire de majoritairement nucléolaire 
en G1 et S vers majoritairement nucléaire en G2/M. Le rôle de Rntlp dans la progression 
du cycle cellulaire n'est pas dépendent de son activité catalytique puisqu'un mutant capable 
de lier l'ARNdb mais pas de le cliver ne montre pas tous les phénotypes associés à la 
délétion de RNT1. Par contre, le changement de localisation de Rntlp semble important 
pour le déroulement de la mitose puisqu'un mutant de Rntlp montrant un délai dans le 
relâchement du nucléole vers le nucléoplasme a aussi un délai en G2/M. En résumé, cet 
article démontre la relation entre la progression du cycle cellulaire et la localisation de 
Rntlp et révèle l'existence d'une fonction non catalytique de Rntlp. 
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ABSTRACT 
Members of the double-stranded RNA-specific ribonuclease III (RNase III) family 
were shown to affect cell division and chromosome segregation, presumably through an 
RNA interference-dependent mechanism. Here, we show that in Saccharomyces cerevisiae, 
where the RNA interference machinery is not conserved, an orthologue of RNase in 
(Rntlp) is required for progression of the cell cycle and nuclear division. The deletion of 
Rntlp delayed cells in both G1 and G2/M phases of the cell cycle. Nuclear division and 
positioning at the bud neck were also impaired in tsrntl cells. The cell cycle defects were 
restored by the expression of catalytically inactive Rntlp, indicating that RNA cleavage is 
not essential for cell cycle progression. Rntlp was found to exit fiom the nucleolus to the 
nucleoplasm in the G2/M phase, and perturbation of its localization pattern delayed the 
progression of cell division. A single mutation in the Rntlp N-terminal domain prevented 
its accumulation in the nucleoplasm and slowed exit from mitosis without any detectable 
effects on RNA processing. Together, the data reveal a new role for a class II RNase III in 




Double-stranded RNA (dsRNA)-specific ribonucleases play an important role in the 
processing and degradation of many RNAs essential for cell growth (Nicholson, 1999; 
Lamontagne et al., 2001; Hutvagner and Zamore, 2002). All known dsRNA-specific 
endoribonucleases belong to the RNase in family and are identified by the presence of two 
features: first, a nuclease domain (NUCD) containing a signature motif (RLEFLGD) 
(Blaszczyk et al., 2001); and second, a dsRNA-binding domain (dsRBD) exhibiting the 
apppa structure (Kharrat et al., 1995) characteristic of dsRNA-binding proteins (Bass, 
1995; Saunders and Barber, 2003). Members of this family are found in all kingdoms, with 
the exception of the archaebacteria where their functions are carried out by the bulge-helix-
bulge nuclease (Durovic and Dennis, 1994). The RNase III family is divided into four 
classes based on protein structure (Lamontagne et al., 2001). Class I includes bacterial 
enzymes that possess a single N-terminal NUCD and a C-terminal dsRBD. Class II 
enzymes are identified by the presence of a highly variable N-terminal extension and 
include fungal RNase III (Abou Elela et al., 1996; Rotondo and Frendewey, 1996). Class 
III enzymes exhibit two NUCDs and include both plant and vertebrate enzymes (Filippov et 
al., 2000). Class IV includes the RNA interference (RNAi) enzyme Dicer (Knight and 
Bass, 2001; Provost et al., 2002a; Zhang et al, 2002), which possesses an N-terminal 
helicase domain. Most eukaryotic cells, with the exception of the yeast Saccharomyces 
cerevisiae contain two RNase III isoforms: one from class II or III, and one from class IV. 
Class II and III enzymes are expected to accumulate in the nucleolus and participate in 
processing rRNA (Abou Elela et al., 1996; Zhou et al., 1999; Spasov et al., 2002), whereas 
class IV enzymes are found in the endoplasmic reticulum and induce gene silencing 
(Provost et al., 2002a). 
The most studied class II enzyme is the S. cerevisiae RNase III (Rntlp). Like 
bacterial RNase III (Nicholson, 1999), Rntlp is not essential, but its deletion causes severe 
growth defects and temperature sensitivity (Abou Elela and Ares, 1998). Depletion of 
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Rntlp blocks the maturation of the 25S preribosomal RNA (pre-rRNA) 3' end (Abou Elela 
et al., 1996) and slows the formation of the 18S rRNA 5' end (Kufel et al., 1999). Rntlp 
also processes many of the small nucleolar RNAs (snoRNAs) required for rRNA 
maturation (Chanfreau et al., 1997; Abou Elela and Ares, 1998; Seipelt et al., 1999; van 
Hoof et al., 2000) and initiates the 3' end processing of all Pol II-transcribed small nuclear 
RNAs (snRNAs). Recently, Rntlp was shown to cleave within the intron sequence of two 
pre-mRNAs coding for ribosomal proteins, and it was suggested that this cleavage targets 
unspliced RNAs for degradation (Danin-Kreiselman et al., 2003). Rntlp probably enters 
the nucleolus to cleave the rRNA, but it is not clear where snRNA and mRNA cleavages 
take place. 
The first eukaryotic RNase III (PacI) was isolated from the fission yeast 
Schizosaccharomyces pombe as a suppressor of uncontrolled meiosis, and its 
overexpression was shown to inhibit mating and sporulation (lino et al., 1991). Recently, 
other orthologues of RNase III have been implicated in cell development (Grishok et al., 
2001; Knight and Bass, 2001; Baneijee and Slack, 2002) and chromosome segregation, 
suggesting that these enzymes may play a role in regulating cell division (Provost et al., 
2002b; Volpe et al., 2002; Hall et al., 2003). However, with the exception of PacI, which is 
a class II RNase III, most of the enzymes implicated in cell division are Dicer-like class IV 
enzymes and their effects are mediated by RNAi. Indeed, in S. pombe, where the RNAi 
machinery is conserved, Dicer, and not PacI, is required for heterochromatin formation and 
chromosome segregation (Provost et al., 2002b; Volpe et al., 2002; Hall et al., 2003). In S. 
cerevisiae, it is not clear whether Rntlp contributes to cell division or chromosome 
segregation because the only RNase III found is a class II enzyme. If S. cerevisiae uses a 
mechanism analogous to that of S. pombe to regulate cell division and chromosome 
segregation, it does so most likely through an RNAi-independent pathway and would likely 
involve Rntlp. 
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Here, we show that the deletion of Rntlp perturbs the cell cycle and impairs 
chromosome segregation. The cell cycle defects were largely restored by the expression of 
catalytically impaired Rntlp, indicating that RNA cleavage is not essential for cell cycle 
progression. Rntlp was found to accumulate in either the nucleoplasm or the nucleolus in a 
cell cycle-dependent manner. A single mutation in the Rntlp N-terminal domain altered the 
protein localization pattern and slowed the exit from mitosis without any detectable effects 
on RNA processing. Together, the data reveal a new role for a class II RNase III in the cell 
cycle and suggest that Rntlp exits the nucleolus to cleave its nuclear RNA substrates. 
36 
MATERIALS AND METHODS 
Strains and Plasmids 
All yeast strains described in Table 1 were grown and manipulated using standard 
procedures (Rose et al., 1990; Guthrie and Fink, 1991). The effects of Rntlp depletion 
were studied using strains W303-1A (Thomas and Rothstein, 1989) and Arntl (Chanfreau 
et al., 1998a). Strain RWY12 (Dionne and Wellinger, 1996) carrying a deletion in TLC1 
was used as a senescence control. Strain MLY30, which was used for cell synchronization, 
is a derivative of BY4705 (Brachmann et al., 1998) carrying a deletion in BAR! that 
improves the response to a-factor (a kind gift from R. Wellinger, University of Sherbrooke, 
PQ, Canada). Strains 1724 and 1730 were used for the Mcdlp and Esplp experiments 
(Visintin et al., 1999). The repression of rRNA synthesis was performed using strains 
NOY260 and NOY265 (Wittekind et al., 1988). Yeast EGY48 was used for the nuclear 
localization assay (Estojak et al., 1995). All clonings were performed in either Escherichia 
coli DH5aF' (Invitrogen, Burlington, Ontario, Canada) or E. coli Ml 5 (pREP4) (QIAGEN, 
Valencia, CA) for protein overexpression. Rntlp was expressed in vivo by using the yeast 
vectors pRS315 (Sikorski and Hieter, 1989), pNS (Ueki et al., 1998), or pGAD and 
pGBDU (James et al., 1996). All constructions generated from these vectors and used in 
this study are listed in Table 2. A description of the cloning involved is presented as 
supplemental material 7. 
Table 1. S cerevisiae strains 
Name Genotype Source 
W303-1A MAT» leu2-3,l 12 his3-ll,15 trpl-1 ura3-l ade2-l canl-100 (Thomas and Rothstein, 1989) 
Amil MATa leu2-3,112 his3-l 1,1 S trpl-1 ura3-l ade2-l canl-100 mtlA.TRPl (Chanfreau et al., 1998a) 
RWY12 MATa um3-52 Iys2-801 ade2-/01 his3-A200 trpl-M Ieu2-M DIA5-1 tlcl::LEU2 (Dionne and Wellinger, 1996) 
MLY30 MAT» ade2A:hisG his3A200 leu2AD lys2A0 met IS AO trplA63 uraSAO harlA :HIS3 Personal Communication 
1724 MAT» barl mcdl trpl ura3 CDC 14-3HA (Visintin et al., 1999) 
1730 MAT» leu2-3,112 his3-l 1,1 S trpl-1 ura3 (Visintin et al., 1999) 
NOY260 MATa RFA 190 trpl-Al his4-A401 Ieu2-3,112 ura3-S2 cari (Wittekind et al., 1988) 
NOY26Î MATa rpal90-3 trpl-Al his4-M01 leu2-3,112 ura3-52 cari (Wittekind et al , 1988) 
EGY48 MATa his3 trpl ura3 LexAvUerLEU2 (Estojak et al., 199S) 
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Tabic 2. Plasmid constructs used in this study 
Name Description Source 
pRS315/GFP GFP under RNTI promoter control in pRS315 This work 
pRS315/GFP/RNT1 RNTI coding sequence ( 1 -471 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/ANT2 RNTI coding sequence (192-471 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/NT2 RNTI coding sequence (1-191 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/dsl RNTI coding sequence (344-471 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/ds4 RNTI coding sequence (428-471 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/RNT1 -22st RNTI coding sequence (1-22 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/RNTl-82st RNTI coding sequence ( 1 -82 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/RNTl-451ds RNTI coding sequence (451-471 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/RNT1-K45/I RNTI coding sequence (1-471 aa) variant with K45I mutation cloned in This work 
frame in pRS315/GFP 
pRS315/GFP/NT2-K45/I RNTI coding sequence (1-191 aa) variant with K45I mutation cloned in This work 
frame in pRS315/GFP 
pRS315/GFP/RNT1 -463st RNTI coding sequence ( 1 -463 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/ds1 -463st RNTI coding sequence (344-463 aa) cloned in frame in pRS315/GFP This work 
pRS315/GFP/RNT1-D247/R RNTI coding sequence (1-471 aa) variant with D247R mutation cloned This work 
in frame in pRS315/GFP 
pGBDU-C3 (James etal., 1996) 
BD/RNT1 RNTI coding sequence (1-471 aa) cloned in frame in pGBDU-C3 (Lamontagne et al, 2000) 
BD/RNT1-D247/R RNTI coding sequence (1-471 aa) variant with D247R mutation cloned This work 
in frame in pGBDU-C3 
AD/RNTl-463st RNTI coding sequence (1-463 aa) cloned in frame in pGAD This work 
PNS (Ueki etal., 1998) 
pNS/NLS (Ueki etal., 1998) 
pNS/RNTl RNTI coding sequence (1-471 aa) cloned in frame in pNS This work 
pNS/ANT2 RNTI coding sequence (192-471 aa) cloned in frame in pNS This work 
pNS/NT2 RNTI coding sequence (1-191 aa) cloned in frame in pNS This work 
pNS/dsl RNTI coding sequence (344-471 aa) cloned in frame in pNS This work 
pQE31 
pQE/RNTl RNTI coding sequence (1-471 aa) cloned in frame in pQE31 (Lamontagne et al., 2000) 
pQE/RNTl -K45/I RNTI coding sequence ( 1 -471 aa) variant with K45I mutation cloned in This work 
frame in pQE31 
pQE/RNTl-463st RNTI coding sequence (1-463 aa) cloned in frame in pQE31 This work 
pQE/RNTl -D247/R RNTI coding sequence (1-471 aa) variant with D247R mutation cloned This work 
inframeinpQE31 
Colony-forming Assay 
The viability of the different strains was analyzed >200 generations. The number of 
generations corresponds to the number of restreakings of a single colony (estimated to grow 
for 20 generations on a plate) from one plate to another. For each generation, one colony 
was resuspended in 1 ml of sterile water, the number of cells counted (using a 
hemacytometer), and 103 cells spread on a plate. For each mutant strain, the number of 
colonies that regrew on the plate was compared with that for its isogenic wild-type strain. 
Each experiment was performed in triplicate. 
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Live/Dead Cell Assay 
Arntlcells transformed with either pRS315/green fluorescent protein (GFP) or 
pRS315/GFP/RNTl were grown in SCD-Leu medium to either log or stationary phase at 
26°C. The cells (2 x 107) were then harvested and resuspended in DH buffer (1 ml, 10 mM 
Na-HEPES, pH 7.2, 2% dextrose), FUN-1 (1 ml, 5 fxM in DH buffer; Molecular Probes, 
Eugene, OR) was then added, and the cells incubated at 26°C for 30 min with 1 ml of 5fiM 
FUN-1. The cells were then spotted on a slide and visualized with the 488- and 568-nm 
laser lines of an Olympus IX-70 microscope equipped with the Fluoview confocal upgrade 
(Carsen Group, Markham, Ontario, Canada). The transformation of the green dye to a red 
product revealed metabolically active cells. 
Fluorescence-activated Cell Sorting (FACS) Procedures 
Cells (107) were fixed overnight at 4°C by the addition of 4 volumes of 95% 
ethanol, washed twice with phosphate-buffered saline (PBS, 1 ml) containing 2.7 mM KC1, 
0.8 mM Na2HP04, 1.5 mM KH2P04, 150 mM NaCl, 60 fiM NaN3 at pH 7.3, and 
resuspended in PBS (500 |il) containing 1 mg/ml RNaseA (Roche Diagnostics, Laval, PQ, 
Canada). After overnight incubation at 37°C, the cells were harvested and resuspended in 
propidium iodide (500 p.1, 50 ng/ml; Sigma Diagnostics Canada, Mississauga, Ontario, 
Canada) in PBS and incubated for 3h at 4°C in the dark. The cells were again harvested and 
finally resuspended in propidium iodide (5 jig/ml) in PBS and diluted to 5 x 106 cell/ml in 
this solution. After sonication, cells were analyzed on FACScan (BD Biosciences 
Immunocytometry Systems, San Jose, CA). 
Yeast Cell Cycle Synchronization 
Yeasts MLY30 were synchronized in G1 by the addition of a-factor (Bioshop, 
Burlington, ON, Canada) to a final concentration of 500 ng/ml, followed by incubation at 
30°C for 6 h. The cells were released from arrest by harvesting and resuspending the 
culture in prewarmed YEPD containing 200 ng/ml pronase (Roche Diagnostics). Strain 
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1730 was arrested in G1 by incubating the culture for 1.5 h at 26°C with 4^g/ml a-factor. 
For the release, the cells were harvested and resuspended in fresh media containing 200 
jig/ml pronase preincubated at either the permissive (26°C) or the restrictive temperature 
(37°C). Yeast 1724 was arrested in G2/M by addition of nocodazole (15 ng/ml; Sigma 
Diagnostics Canada) to cells in logarithmic phase and incubated for 3 h. 
Time-Lapse Confocal Microscopy 
W303-1A and Arntl cells transformed with plasmid pTS417 (Carminati and 
Stearns, 1997) expressing GFP-Tub3p under the control of the GALIJO promoter were 
grown to early logarithmic phase in SC-URA containing 2% galactose and 0.5% dextrose 
and mounted for live cell imaging as described previously (Waddle et al., 1996; Carminati 
and Stearns, 1999). Cells were pictured using an inverted Olympus IX-70 microscope 
equipped with the Fluoview confocal upgrade in a room set at 23°C. 
Immunolocalization 
Yeast cells were prepared for immunofluorescence as described previously 
(Tremblay et al., 2002). The primary antibodies used in this study were mouse monoclonal 
anti-3-phosphoglycerate kinase (PGK) (Molecular Probes) at a dilution of 1:100; rabbit 
polyclonal anti-Rntlp at a dilution of 1:1000 (Tremblay et al., 2002); mouse monoclonal 
B15 anti-Noplp at a dilution of 1:10,000 (Aris and Blobel, 1988); and rabbit polyclonal 
anti-Nhp2p at a dilution of 1:1000 (Henras et al., 1998). Oregon green 488-conjugated goat 
antibodies against mouse or rabbit IgG, and Texas Red X-conjugated goat anti-rabbit 
secondary antibodies (Molecular Probes) were used at 1:1000 dilutions for detection. DNA 
was stained with 4'6'-diamidino-2-phenylindole (DAPI, 1 |ig/ml; Sigma Diagnostics 
Canada). 
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Nuclear Localization Assay 
Yeast EGY48 transformed with the different pNS and pNS/NLS constructs were 
grown in SCD-His medium to an ODôoo of 0.8. Serial dilutions of the cultures (10-fold 
increments) were spotted on SCD-His or SCD -His-Leu plates and then grown at 30°C for 
3d. 
In Vitro RNA Cleavage 
Cleavage reactions were performed as described previously (Lamontagne and Abou 
Elela, 2001) using recombinant Rntlp (0.2 pmol) and 5' end-labeled U5 snRNA 3' end (3 
finol) (Lamontagne et al., 2000) in 20 jil of reaction buffer (Lamontagne and Abou Elela, 
2001) containing 150 mM KC1 and incubated for 20 min at 30°C. 
Northern Blot Analysis 
Northern blot analysis was performed with total RNA (15 jig) run on a 6% 
denaturing polyacrylamide gel as described previously (Abou Elela and Ares, 1998) using 
an oligonucleotide against snR43 (Chanfreau et al., 1998b) as probe. 
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RESULTS 
Deletion of RNT1 Impairs Cell Division 
The deletion of RNT1 allows cells to grow slowly at 26°C but not at higher 
temperatures (Lamontagne et al., 2000). In rich media Arntl cells grow 2 to 3 times slower 
than wild-type cells and stop growing at a lower density than wild-type cells (Abou Elela 
and Ares, 1998; Lamontagne et al., 2000). This phenotype could be caused by slow 
metabolism, cell death, or senescence. To determine the nature of the growth defect caused 
by the deletion of RNT1, we compared the viability of Arntl cells to that of wild-type cells 
and to that of cells carrying a deletion in TLC1 (RWY12). TLC1 is a component of the 
telomerase ribonucleoprotein (RNP) complex required for sustained cell growth, and it was 
included as a control for rapid senescence. As shown in Figure 1A, compared with wild 
type, Atlcl lost 85% of its capacity to form colonies at 60 generations and stopped growing 
after 60. However, Arntl cells continued to grow even after 200 generations, but their 
capacity to form colonies was consistently reduced by 20-30% compared with that of wild-
type cells. We conclude that RNT1 deletion does not cause senescence but instead impairs 
colony formation. 
To determine whether Arntl cells fail to form colonies due to a high rate of cell 
death, or to defects in cell division, we directly examined the viability of Arntl cells by 
monitoring the metabolism of the degradable dye FUN-1. The FUN-1 dye accumulates in 
vacuoles as defined red pigments in metabolically active cells, but looks like a diffused 
green stain in dead cells. As shown in Figure IB, the FUN-1 dye became red after 30 min 
in all wild-type cells (RNT1), whereas most Arntl cells remained green. The FUN-1 dye 
slowly turned red in most Arntl cells grown either to log or stationary phases as the 
incubation time increased, leaving only 10% of the cells green at the end of the experiment 
(our unpublished data). This indicates that most of the Arntl cells are not dead but convert 
the Fun-1 dye slower than wild- type cells. This is consistent with the known slow growth 
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rate of Ara/i cells (Abou Elela and Ares, 1998) and defects in ribosome biogenesis (Abou 
Elela et al., 1996). Colony-formation assays conducted using the cell cultures tested for 
metabolic activity showed that only 70% of Arntl cells in log phase and 50% of Arntl cells 
in stationary phase form colonies compared with wild-type cells (Figure IB). This indicates 
that despite a constant rate of mortality, Arntl cells' capacity to form colonies dramatically 
decreases as the cell culture ages, suggesting that Rntlp is required for efficient cell 
division. Observation of cell morphology (Figure 1C) revealed a 17% increase in the 
number of unbudded cells (Gl) in Arntl cell culture as compared with a wild-type culture 
at the same cell density. In addition, -9% of Arntl cells in a culture grown to log phase 
were abnormal and exhibited multiple elongated buds. The number of cells with an abeirant 
morphology increased as the culture aged, reaching ~18% in a culture in stationary phase. 
Fewer cells in S and more cells in the G2/M phases of the cell cycle were observed in Arntl 
cell culture grown to stationary phase compared with that of wild-type cells. Analysis of the 
DNA content by using FACS confirmed the increased number of cells in Gl of the Arntl 
strain (Figure ID). In addition, comparison of DAPI-stained nuclei of wild-type and Arntl 
cells (our unpublished data) revealed that many dividing Arntl cells have either empty 
buds, or buds with two nuclei, indicating that Rntlp deletion causes nuclear 
missegregation. We conclude that the deletion of RNT1 slows cell metabolism and hinders 


































Figure 1. Deletion of RNT1 impairs colony formation and cell division. (A) 
Capacity of Atlcl (dark gray) and Arntl (light gray) cells to form colonies over 
different generations is shown as a percentage of that obtained with wild-type 
cells (set to 100%). (B) Assay for cell vitality of Arntl cells transformed with 
pRS315/GFP or pRS315/GFP/RNTl and grown to either log or stationary 
phase. Transformation of the green FUN-1 dye to red demonstrates an active 
metabolism. The yellow colored bar represents 5 jim. The pictures shown 
depict cells after 30 min of incubation with the FUN-1 dye. The percentage of 
the cells that are metabolically active (MA) is shown on the right. Colony-
forming units (CFU) of Arntl cells under the same growth conditions are 
indicated on the right. (C) Phenotypic examination of Arntl in comparison to 
wild-type cells from cultures growth to either log or stationary phases. The 
number of cells in each phase of the cell cycle was identified by observing the 
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bud size. Abnormally large cells, those with very long bodies or buds and those 
with multiple buds were scored as abnormal (Ab). The yellow colored bar on 
micrographs represents S nm. (D) Cell analysis of Arntl and wild-type by using 
flow cytometry. Cells were grown and analyzed as described in MATERIALS 
AND METHODS. Histograms of fluorescence intensity versus cell number are 
shown. IN represents unreplicated DNA, whereas 2N represents replicated 
DNA. 
RNT1 Deletion Impairs Nuclei Positioning and Slows Microtubule Movement in Dividing 
Cells 
Previous studies showed that the deletion of the Rntlp orthologue Dicer in S. pombe 
results in elongated cells, multiple and fragmented nuclei, and chromosome segregation 
defects (Provost et al., 2002b; Hall et ah, 2003). To determine whether the cell division 
defects observed upon the deletion of RNT1 are also mediated by segregation or 
microtubule anomalies, we monitored microtubule movement during cell division in ArntJ 
cells. We used time-lapsed confocal microscopy to follow a complete cycle of cell division. 
Photos from multiple focal points of both wild-type cells and Arntl cells expressing GFP-
Tub3p (which allows the visualization of the microtubule complex in living cells) were 
taken every 10 min and merged into single two-dimensional pictures (see supplementary 
materials 1 and 2). Photos of wild-type and Arntl cells taken in the time period needed for 
wild-type cells to pass from S phase to the end of cytokinesis are shown in Figure 2A. In 
this time frame, wild-type nuclei moved in long steps and directed manner from one end of 
the mother cell to the bud neck (Figure 2A, top), leading to a successful division after 240 
min (supplementary material 1). In contrast, the nuclei of Arntl cells moved in random 
short steps toward and away from the bud neck (Figure 2A, bottom), and the cells took 440 
min to pass from the S phase to the end of division (supplementary material 2). This means 
that Arntl cells take at least twice as long as wild-type cells to complete one cycle of cell 
division, clearly explaining why Arntl cells take more time to reach the same optical 
density as wild-type cells. Strikingly, the hesitant movement of the microtubules and slow 
positioning of the nuclei in the bud were observed in all Arntl cells. Consistent with this 
45 
observation, the nuclei were correctly positioned near the bud neck in only 50% of Arntl 
cells in G2/M phase of the cell cycle compared with that of wild-type cells (Table 3). We 
conclude that Rntlp is required for nuclei positioning at the bud neck and hence for 
efficient cell division. 
In addition to the uncoordinated nuclei movement and the slow cell division shown 
in Figure 2A, we found that several cell divisions resulted in either of the daughter or the 
parent cell lacking a nucleus (our unpublished data). This phenotype is very similar to that 
observed with cells carrying mutations affecting spindle assembly (Spang et al., 1995, 
1996; Geissler et al., 1996). To observe the process underlying this defect, we monitored 
microtubule movement during the division of cells resulting in the production of enucleated 
cells (see supplementary material 3). As shown in Figure 2B, in these cells the microtubule 
complexes were compact and did not elongate or divide, even at the end of cell division. 
The compacted complex was observed to shuttle back and forth through the bud neck 
several times during the 7 h of the experiment. This phenomenon is probably caused by the 
inability of the microtubules to form a spindle attached to both extremities of the daughter 
and mother cells. 
The defects observed in the division of Arntl cells greatly resemble the phenotypes 
caused by the deletions of genes involved in nuclei positioning (Adames and Cooper, 
2000). Because most of these genes also affect microtubule movement, we examined the 
microtubule shrinking and elongating in Arntl cells and compared it with that of wild-type 
cells. Pictures were taken every 30 s, and the length of microtubules was determined in 
cells in either the G1 or G2/M phases of the cell cycle. As shown in Figure 2C, in the G1 
phase of the cell cycle, the microtubule movements in RNT1 and Arntl cells are similar. In 
contrast, Arntl cells in G2/M showed severe defects in the rate of microtubules elongation 
and shrinkage. Moreover, the elongated microtubules in Arntl cells were much shorter than 
those of wild-type cells. Clearly, the nuclear positioning defect in Arntl cells is due, at least 
in part, to the inefficient growth of the microtubules to the neck. 
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Figure 2. Deletion of RNT1 affects nuclear positioning, nuclear division, 
and microtubule movement. Pictures were taken every 10 min, and 
representative pictures are shown (see videos in supplementary material 1-3). 
The times from the beginning of the acquisitions are indicated in minutes on 
each photo. The microtubule complex revealed by GFP-Tub3p is shown in 
green. The yellow bars represent 2 nm. (A) Comparison between the division 
speed and microtubule movement of KNT1 and ùsrntl cells starting from late S 
phase. (B) Arntl cells displaying movement of the microtubule bundle from the 
mother to daughter cell without elongation and division of the spindle. (C) 
Representative plot of microtubule size over time for RNT1 (open circles) and 
Arntl cells (black circles) in G1 (left), or G2/M (right). Microtubule length was 
calculated using stacks of three images taken every 30 s. 
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Table 3. Effects of Rntlp mutants on nuclear positioning and microtubules 
^ . , Percentage of nuclei near Percentage of cells with telophase 
Mutant expressed .. , . , a . ,, b r the bud neck spindle 
GFP-Rntlp 100 10 ±1.0 
GFP 55.2 2.2 ± 0.5 
GFP-Rnt 1 p-K45/I 99 5 ±1.0 
GFP-Rnt 1 p-D247/R 98 9 ± 1.0 
g b 
Percentage nuclei near the bud neck of cells in G2/M phase of the cell cycle. Percentage of fully 
elongated spindles of cells grown to log phase as observed by immunostaining. 
Rntlp Catalytic Activity Is Not Required for Cell Division 
Rntlp is a dsRNA-specific endoribonuclease that could influence cell division by 
degrading the mRNAs of related proteins. To test this possibility, we generated a mutation 
in Rntlp that blocks RNA cleavage but allows binding to the RNA and interaction with 
other cellular proteins. As shown in Figure 3A, a mutation in the catalytic domain that 
changes the conserved aspartic acid in position 247 to arginine (Rntlp-D247/R) blocks 
RNA cleavage in vitro. Like Rntlp, Rntlp-D247/R bound to RNA efficiently in the 
absence of Mg2+ (our unpublished data), indicating that the cleavage defect is specific and 
was not caused by general perturbation of the enzyme's structure. We tested the impact of 
this mutation on Rntlp activity in vivo by expressing the mutated protein either fused to 
GFP under the control of the Rntlp promoter (pRS315/GFP/RNTl-D247/R), or fused to 
simian virus 40 nuclear localization signal under the control of the ADH1 promoter 
(BD/RNT1-D247/R), in Arntl cells. As shown in Figure 2B, the expression of Rntlp in 
Arntl cells from either the Rntlp promoter (GFP/RNT1) or the ADH1 promoter 
(BD/RNT1) complemented the RNT1 deletion, thereby allowing the cells to grow at 37°C. 
In contrast, cells expressing either GFP-Rnt lp-D247/R or BD-Rntlp-D247/R failed to 
grow at 37°C and grew as slowly at 26°C as Arntl cells. The expression level of Rntlp-
D247/R was similar to that of Rntlp (our unpublished data), indicating that the failure of 
this mutant to complement cell growth was not due to expression anomalies. This result 
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confirms that Rntlp catalytic activity is required for normal cell growth. In addition, the 
processing of known Rntlp substrates, like the snoRNA snR43 and the rRNA, were shown 
by Northern blot analysis, to be also blocked in cells expressing Rntlp- D247/R (Figure 
3C; our unpublished data). Together, these data show that Rntlp catalytic activity is 
essential for RNA processing and cell growth at 37°C. 
Surprisingly, microscopic examination showed that unlike Arntl cells, cells 
expressing Rntlp-D247/R do not accumulate in the G1 phase of the cell cycle and display 
only a 2-3% level of budding anomalies (Figure 3D). Further examination of the 
microtubules and FACS profiles indicate that all defects related to cell division were 
complemented by the expression of Rntlp-D247/R (our unpublished data). Thus, the role 
of Rntlp in the regulation of cell division is not mediated by RNA cleavage nor caused by a 
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Figure 3. Rntlp catalytic activity is not required for cell division. A 
catalytically inactive mutant of Rntlp (D247/R) was created by changing 
aspartic acid 247 to arginine. (A) In vitro cleavage assay of Rntlp-D247/R. 
Mutant and wild-type recombinant proteins were tested for their ability to 
cleave, a 5' end-labeled model of the Rntlp natural substrate found at the 3' 
end of U5snRNA (16). NEG indicates RNA incubated under cleavage 
conditions in the absence of Rntlp. Arrowheads indicate the position of the 
substrate (S) and the 5' cleaved product (P). (B) Rntlp catalytic activity is 
required for growth at 37°C. Arntl cells expressing either GFP, or GFP fused 
with either Rntlp or Rntlp-D247/R (top), and cells expressing either BD or BD 
fused with either Rntlp or Rntlp-D247/R (bottom), were compared for growth 
on plates at 37°C. The doubling times of cells growing in liquid SCD media at 
26°C are indicated under the name of each plasmid. (C) Northern blot analysis 
of RNA processing in vivo. RNA was extracted from the different yeast strains 
grown at 26°C, fractionated using denaturing PAGE, and transferred to nylon 
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membrane. A probe specific to a known Rntlp substrate (snoRNA, snR43) was 
used to visualize both mature (M) and premature RNAs (P). The bands were 
quantified using Instant Imager, and the ratios of mature to total snR43 were 
calculated (shown at bottom). The position of the 100-base pair DNA molecular 
weight marker is indicated on the left. (D) Phenotypic examination of cells 
expressing catalytically impaired Rntlp. The phenotypes of Arntl cells 
expressing either GFP-Rntlp-D247/R, or Rntlp in fusion with a heterologous 
nuclear localization signal (BD- Rntlp-D247/R), were examined using confocal 
microscopy with the white colored bar representing 5 urn. Cells in different 
stages of the cell cycle were identified using bud size, and the cell number of an 
average of three independent experiments are indicated on the right. The cell 
cycle pattern of both cultures was also confirmed by FACS analysis (our 
unpublished data). 
Rntlp Nucleolar Localization Is Cell Cycle Dependent 
Because Rntlp catalytic activity seems not to be required for cell cycle progression, 
we wanted to know whether Rntlp cellular distribution contributes to its function in the cell 
cycle. First, we examined the cellular distribution of Rntlp and compared it with that of 
known cytoplasmic and nucleolar proteins. Yeast cells were triple stained using DAPI to 
identify the nucleus, antibodies against PGK to highlight the cytoplasm, and antibodies 
against Rntlp. As shown in Figure 4A, Rntlp-specific stain (red) either partially or 
completely overlapped with that of DAPI (blue), but not with PGK (green). This indicates 
that Rntlp is not cytoplasmic and accumulates in the nucleus. Careful examination of 
Rntlp subnuclear localization by using confocal microscopy and either anti-PGK or the 
nucleolar marker Noplp showed that Rntlp accumulates in the nucleolus of some cells and 
in the nucleoplasm of others (Figure 4B). To determine the effect of the cell cycle on Rntlp 
subnuclear localization, we synchronized a culture of yeast cells in the G1 phase of the cell 
cycle by using a-factor, and then followed Rntlp's localization in the released culture 
(Figure 4C). In asynchronized cell cultures, Rntlp was nucleolar in ~60% of the cells and 
nuclear in the other ~40%, consistent with the data shown in Figure 4, A and B. In contrast, 
Rntlp was nucleolar in all cells arrested in G1 (Figure 4C, 0 min). After release, Rntlp 
remained nucleolar through the S phase (30 min after release), whereas an increasing 
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number of cells showed nuclear staining as the culture entered the G2/M phase (120 min). 
After 180 min, when most cells were in G2/M phase of the cell cycle, Rntlp was nuclear in 
most cells. From that point on, Rntlp gradually returned to the nucleolus as the G1 peak of 
the FACS profile reappeared. In all stages of the cell cycle no release of Noplp (Figure 
4C), nor of other nucleolar proteins such as Nhp2p and Garlp (our unpublished data), into 
the nucleoplasm was observed, indicating that the observed changes in Rntlp localization 
are not a general effect of the cell cycle on the nucleolus. This result shows that Rntlp's 
localization changes from the nucleolus to the nucleus in synchrony with the cell cycle. To 
ensure that the observed release of Rntlp from the nucleus occurs in living cells and is not 
an artifact caused by fixation or the method of synchronization we used a GFP-labeled 
version of Rntlp to observe the Rntlp subnuclear localization in living cells. Dividing 
ârntl cells expressing the GFP-Rntlp fusion protein were stained with DAPI, and the 
subnuclear localization of Rntlp was determined in cells at different stages of the cell cycle 
(Figure 4D). As observed in fixed cells, Rntlp was nucleolar in G1 and remained so until 
the end of the S phase of the cell cycle. When the nucleus started to penetrate the bud neck, 
Rntlp was released from the nucleolus, becoming completely nuclear when cells entered 
anaphase. After this point Rntlp began to return to the nucleolus and became entirely 
nucleolar once cytokinesis was completed. The same program of Rntlp localization was 
observed in a time-lapse study of single cells undergoing cell division (see supplementary 
material 4). Together, the results indicate that Rntlp specifically enters the nucleoplasm in 
the G2/M phase of the cell cycle during which nuclei positioning and microtubule 
movement into the bud takes place. This suggests that Rntlp is needed in the nucleus at a 
specific stage of the cell cycle and may explain why deletion of Rntlp perturbs nuclear 
positioning and cell division. We conclude that Rntlp subnuclear localization is regulated 
in a cell cycle-dependent manner. 
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Figure 4. Rntlp shuttles between the nucleolus and the nucleoplasm during 
cell division. (A) In situ immunofluorescence analysis using the 
epi fluorescence of wild-type cells immunostained with antibodies against 
Rntlp (red) and PGK (green). The DAPI-stained DNA (blue) indicates the 
position of the nucleus. The yellow colored bar represents 2 fim. (B) In situ 
immunofluorescence analysis using confocal microscopy of wild-type cells 
double-stained for either Rntlp in red and PGK in green (left), or Rntlp in red 
and Noplp in green (right). The yellow colored bar represents 1 jxm. (C) In situ 
immunofluorescence of Rntlp by using epifluorescence after the release of 
cells synchronized by a-factor in Gl. Cells are shown before synchronization 
(AS), after synchronization (0) and at different times after release from a-factor 
(indicated in minutes). Rntlp is labeled in red, Noplp in green and DNA in 
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blue. The lower panels show the FACS profiles of the cell culture at the time 
points indicated on top of the upper panel. (D) Determining the localization 
pattern of the GFP-Rntlp fusion protein in living cells, tsmtl cells expressing 
the GFP-Rntlp fusion (green) were incubated in SCD growth media with the 
DNA stain DAPI (blue) and observed using epifluorescence. Areas of overlap 
between Rntlp and the DNA appear in light blue. Yellow bar, 2 jim. The cell 
cycle phase is indicated for each picture. 
To determine whether Rntlp release from the nucleolus is induced by sister-
chromatid separation or cell division, we monitored the localization of Rntlp in cells 
carrying mutations in separin (Esplp) (Ciosk et al., 1998) and cohesin (Mcdlp) (Guacci et 
al., 1997; Michaelis et al., 1997). Cells carrying a temperature sensitive mutation in ESP1 
(espl-1) exit mitosis and divide without nuclear division. Therefore, these cells allow us to 
determine whether Rntlp requires nuclear division to exit from the nucleolus. As shown in 
Figure 5A, Rntlp exits to the nucleus in espl-1 dividing synchronized cultures at both 
permissive and restrictive temperatures, indicating that nuclear division is not required for 
Rntlp nuclear localization. Consistently, Rntlp localization is not affected in Mcdlp-
defective cells that un- dergo premature sister-chromatids separation when drug arrested at 
metaphase at the restrictive temperature (Figure 5B). We conclude that cell division and not 
sister-chromatid separation induces Rntlp release from the nucleolus. 
Because Rntlp is required for pre-rRNA processing, we wanted to determine 
whether Rntlp retention in the nucleolus requires actively transcribed rRNA. If Rntlp 
nucleolar localization is mediated by binding to unprocessed pre-rRNA, then it should be 
immediately released from the nucleolus upon the cessation of rRNA transcription, and 
before the release of any other nucleolar proteins, and subsequent destruction of the 
nucleolus. We tested this hypothesis using a strain carrying a temperature-sensitive 
mutation in the largest subunit of Pol I (rpa 190-3), which allows rapid shutdown of rRNA 
transcription upon shifting to the restrictive temperature (Wittekind et al., 1988). As shown 
in Figure 5, C and D, the number of budded cells decreased upon shifting either the wild-
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type strain RPA190 or the mutated strain rpa 190-3 to 37°C. However, although the number 
of cells exhibiting Rntlp in the nucleolus decreases in RPA 190, the number of rpa 190-3 
cells with nuclear Rntlp dramatically increases. Thus, Rntlp localization in the nucleolus is 
linked to rRNA transcription. To ensure that the release of Rntlp from the nucleolus does 
not simply reflect the destruction of the nucleolus in the absence of rRNA, we examined 
the localization of several known nucleolar proteins. In contrast to Rntlp, which became 
mostly nuclear 1 h after shifting rpal90-3 cells to 37°C, nucleolar proteins such as Noplp 
and Nhp2p remained nucleolar even after shifting rpal90-3 cells to 37°C for 4 h. It is 
important to note that unlike higher eukaryotes, yeast nuclei remain intact throughout the 
cell cycle and rRNA transcription is not completely arrested during the cell cycle (Sogin et 
al., 1974). However, subtle changes in the rate of rDNA transcription that could signal 
Rntlp release from the nucleus cannot be excluded at this moment. We conclude that Rntlp 
nucleolar localization requires actively transcribed RNA and suggest that Rntlp is anchored 
to the rRNA processing machinery through binding to its RNA substrate. 
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Figure 5. Rntlp release from the nucleolus is cell division dependent. (A) 
Cells carrying a temperature sensitive allele of separin (espl-1) were grown to 
log phase and then synchronized in G1 with a-factor. The synchronized cells 
were released either at the permissive (26°C) or the restrictive (37°C) 
temperatures and fixed once they reached theG2/M phase of the cell cycle. 
Antibodies against Rntlp (red) were used to determine its localization pattern. 
The position of the nucleolus was highlighted with antibodies against the 
nucleolar protein Noplp (green). DNA stained with DAPI is indicated in blue. 
Yellow bar, 2 fim. The graph shown on the right indicates the percentage of 
cells in which Rntlp is nucleolar (No) or nucleoplasm^ (Nu). The data shown 
represent the results of three independent experiments. (B) Cells carrying a 
temperature sensitive allele of cohesin {mcdl-l) were arrested in G2/M with 
nocodazole and then shifted to either the permissive (26°C) or the restrictive 
(37°C) temperature. Rntlp was visualized and the number of cells with 
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different localization pattern was quantified as described in A. (C) Wild-type 
cells (RPA190), or cells expressing a temperature-sensitive component of RNA 
polymerase I (rpa 190-3), were either grown at the permissive temperature 
(23°C) or shifted to the restrictive temperature (37°C). Samples were taken at 
different intervals and the localization pattern of Rntlp and two other nucleolar 
proteins (Noplp and Nhp2) were visualized using immunofluorescence. The 
graphs shown on the left indicate the percentages of budded cells (black box) 
and of cells where Rntlp is either nucleolar (open circle) or nucleoplasmic 
(black circle) as a function of time. The graph shown represents the average of 
three experiments with average error rates of ± 2.4%. (D) Photos of rpal90-3 
cells grown at 37°C for either 1 or 4 h are shown on the right. The cells shown 
in the left panel were stained with antibodies against Noplp (green) and Rntlp 
(red), whereas those in the right panel were stained with antibodies against 
Noplp (green) and Nhp2p (red). In both cases the DNA was colored by DAPI 
(blue). Yellow bar, 2 |im. 
Rntlp Nuclear Localization Is Mediated by Two Distinct Signals 
To understand how the cycle-dependent localization of Rntlp is achieved, we 
needed to determine the amino acid residues required for Rntlp localization. The Rntlp 
domains required for the protein's nuclear localization were first identified using a nuclear 
transportation trap assay (Ueki et al., 1998). In this assay, different fragments of Rntlp 
(Figure 6A) were expressed fused to the LexA DNA-binding domain, the Gal4 
transactivation domain, and a strong nuclear export signal (Ueki et al., 1998). Fusion of the 
nuclear export signal to a nuclear localization signal (NLS) transports the LexA DNA-
binding domain-Gal4 transactivation domain into the nucleus, resulting in the expression of 
a marker LEU2 gene and allowing the cells to grow in media lacking leucine. As shown in 
Figure 6B, all fusion proteins allowed the cells to grow in media containing leucine, but 
only those with a control NLS or expressing either the N-terminal domain or the dsRBD of 
Rntlp grew on media lacking leucine. This indicates that both the N- and C-terminal 
domains of Rntlp may enter the nucleus independently and suggests that Rntlp contains 
two different NLSs. This possibility was further verified by monitoring the localization 
pattern of different fragments of Rntlp fused to GFP. As expected, the GFP by itself 
accumulated in the cytoplasm, whereas GFP-Rntlp accumulated both in the nucleus and in 
the nucleolus, depending on which phase the cell cycle is in (Figure 6, C and D). 
Surprisingly, both the N-terminal fusion protein (GFP-NT2) and the dsRBD fusions (GFP-
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ANT2 and GFP-dsl) exhibited two distinct localization patterns. GFP-NT2 accumulated in 
the nucleoplasm, whereas GFP-ANT2 and GFP-dsl accumulated exclusively in the 
nucleolus (Figure 6, C and D). The same results were obtained using both fixed and living 
cells (Figure 6C). Examination of cells transformed with different fragments of Rntlp 
indicates that none of Rntlp domains could independently rescue hrntl defects in the cell 
cycle (our unpublished data). We conclude that both the N-terminal domain and dsRBD are 
required for Rntlp subnuclear localization but that these domains cannot independently 
support the Rntlp functions required for the normal progression of the cell cycle. 
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Figure 6. Rntlp possesses two distinct nuclear localization signals. (A) 
Schematic representation of the different Rntl p domains and truncations used 
in this study. Rntlp nuclease domain and dsRBD are depicted as light and dark 
gray boxes, respectively. The C-terminal extension harboring the "KNKKRK" 
NLS is shown in white, and its sequence is indicated on top. The first 82 
residues of the N-terminal domain required for Rntlp localization in the 
nucleoplasm are indicated as a dotted box. The rest of the N-terminal domain is 
indicated as a hatched box. The amino acid positions corresponding to die 
beginning and end of each domain are stated beside the name of each fragment. 
(B) The different domains of Rntlp were expressed in EGY48 cells by using 
the nuclear localization trap vectors (62) and tested for the presence of a nuclear 
localization signal. The transformed cells were grown on media lacking either 
histidine (left), or histidine and leucine (top). AH transformed cells could grow 
on SCD-His, whereas only those harboring a nuclear localization signal could 
grow on SCD-His-Leu. Each construct contains a nuclear export signal. 
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whereas the positive control (pNS/NLS) contains both export and import 
nuclear signals. The names of the different vectors are indicated on the right, 
and the cell dilution factors are indicated on top. (C) Immunofluorescence 
assisted visualization of the different domains of Rntlp. GFP fusions with 
different Rntlp fragments were expressed from the RNT1 natural promoter in 
Arntl cells and the proteins were either visualized by the immunostaining of 
fixed cells (the three columns on the left) or by direct epifluorescence of living 
cells (the last column on the right). In the case of immunostained cells the 
nucleolar protein Noplp is shown in green, Rntlp in red and DNA in blue. The 
different stains are shown either independently (first two columns on the left) or 
merged (third column). Rntlp was visualized in living cells as described in 
Figure 4D and is shown in green, whereas DNA is colored blue. Yellow bars, 2 
jim. (D) Graphical representation of the nucleolar (No) and nucleoplasmic (Nu) 
localizations of the different truncations of Rntlp used in B. The data shown 
represent the results of three independent experiments and margin of errors is 
indicated on the chart. 
In general, protein localization in yeast is mediated by NLSs rich in basic amino 
acids (Janse/ al., 2000). Therefore to identify any potential Rntlp NLS, we searched both 
the N- and C-terminal amino acids sequences of the protein for clusters of positively 
charged residues. No conserved NLS was found in the N-terminal domain, but we noticed 
that the first 82 residues of the N terminus, and especially the first 22 residues, were rich in 
lysine. In contrast, a typical KNKKRK nuclear localization signal motif was found near the 
C terminus in positions 461-466 (Figure 6A). To determine whether either or both 
fragments could promote nuclear localization, we expressed them in fusion with GFP and 
followed their localization by using either immunofluorescence microscopy (Figure 7) or 
by monitoring GFP fluorescence in living cells (our unpublished data). GFP fused to the N-
tenninal 22 amino acids alone (GFP-Rntlp-22st) was largely cytoplasmic, whereas GFP 
fused with the first 82 amino acids (GFP-Rntlp-82st) was nuclear. On the other hand, 
either the C-terminal 43 amino acids, or the last 11 amino acids, of Rntlp were sufficient to 
transport the GFP to the nucleus. This indicates that the observed KNKKRK sequence 
functions as a nuclear localization signal. However, none of these sequences resulted in the 
accumulation of the protein in the nucleolus (Figure 7) as GFP-dsl did. Consistently, Rntlp 
carrying either deletions in the dsRBD, or mutations that destroy the dsRBD structure, also 
fail to accumulate in the nucleolus (our unpublished data). Together, these data indicate that 
Rntlp nuclear localization could be independently mediated via a canonical NLS at the C 
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terminus and through a less defined sequence at the N-terminal domain. The data also show 
that the accumulation of Rntlp in the nucleolus requires the presence of a functional 
dsRBD and suggest that Rntlp is retained in the nucleus through interaction with its RNA 
substrates. 
i+DAPI 
Figure 7. Immunofluorescence of cells expressing GFP fused to the Rntlp 
N-terminal 22 amino acids (GFP-Rntlp-22st), N-terminal 82 amino acids 
(GFP-Rntlp-82st), C-terminal 43 amino acids (GFP-ds4), or the last 22 
amino acids at the C terminus (GFP-Rntlp-451ds). Rntlp is shown in red, 
Noplp in green, and DNA in blue. Colocalization of Rntlp and Noplp is in 
yellow and colocalization of Rntlp with DNA is in purple. Yellow bar, 2 fim. 
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Rntlp Release into the Nucleoplasm Is Required for Exit from the G2/M Phase of the Cell 
Cycle 
To further understand the impact of Rntlp localization on the cell cycle, we 
searched for mutations that block the rhythmic localization of Rntlp and render it either 
constitutively nuclear or exclusively nucleolar. GFP-Rntlp-463st, which carries a stop 
codon at position 463 eliminating the last eight amino acids of Rntlp, was detected in all 
cellular compartments, including the cytoplasm. This localization pattern was also 
displayed when the 463st mutation was introduced into an independently expressed 
dsRBD. This mutation partially rescued growth of Arntl cells and reduced the number of 
cells accumulating in the G1 phase of the cell cycle, but it did not eliminate the aberrant 
budding characteristic of the Arntl cells (Figure 8, A-C). Rntlp-dependent RNA 
processing in vivo was partially restored in GFP-Rntlp-463st (Figure 8D), but RNA 
cleavage in vitro was not affected (Figure 8E). This indicates that the mutant 463st does not 
affect Rntlp catalytic activity but instead affects its nucleolar localization and thus impairs 
snoRNA processing. However, the general distribution of GFP-Rntlp-463st, and its 
associated defects in RNA processing, prevent clear assessment of the impact of Rntlp 
nuclear localization on the cell cycle. To address this, we screened a library of Rntlp 
mutants produced by random mutagenesis of the N-terminal region to identify mutations 
that specifically block Rntlp nuclear localization without affecting RNA processing. One 
mutation that changes the lysine at position 45 to isoleucine (K45/I) rendered Rntlp 
nucleolar, even in cells at the G2/M phase of the cell cycle (Figure 8, A and B). Truncated 
Rntlp N-terminal domain carrying the K45/I mutation constitutively accumulated in the 
nucleoplasm, suggesting that this mutation does not block the N terminus-dependent 
nuclear import pathway. The expression of GFP-Rntlp-K45/I in Arntl cells partially 
complemented Rntlp functions, allowing cells to grow at both 26 and 37°C, albeit at a 
slower rate than GFP-Rntlp (Figure 8C). Analysis of Rntlp dependent RNA processing in 
cells expressing GFP-Rntlp-K45/I showed no effects on RNA maturation. This indicates 
that a single mutation in the N-terminal domain could slow cell growth without affecting 
the classical function of Rntlp in RNA processing. Consistently, recombinant Rntlp-K45/I 
efficiently and specifically cleaved known Rntlp substrates in vitro (Figure 8E). 
Surprisingly, cells carrying GFP-Rntlp-K45/I were delayed at the G2/M phase of cell 
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cycle, indicating that Rntlp presence in the nucleus is important for the end of mitosis. 
Consistently, the number of cells in the G2/M phase of the cell cycle with telophase 
spindles decreased dramatically in cultures of Arntl and GFP-Rntlp-K45/I cells (Table 3). 
In addition, the nuclei of cells expressing GFP-Rntlp-K45/I but not the catalytically 
impaired Rntlp (Rntlp-D247/R) shuttled back and forth through the bud neck (Figure 9 
and supplementary material 5 and 6) as previously noted with Arntl cells (Figure 2B). This 
clearly shows that the defect in nuclear division is caused by the absence of Rntlp from the 
nucleoplasm and not due to anomalies in RNA or rRNA processing. Thus, a single 
mutation in the Rntlp N terminus slowed cell growth and impaired cell progress without 
affecting Rntlp-dependent RNA processing. These data suggest that the presence of Rntlp 
in the nucleoplasm is required for exit from the G2/M phase of the cell cycle. 
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Noplp Rntlp Merge+DAPI 
G1 23.3% ±4.0 
S 18.3% ± 2.1 
G2/M 57.9% ± 27 
Ab 0.5% ± 0.5 
G1 48.9% ±2.1 
S 16.7% ± 0.6 
G2/M 28.7% ± 3.2 
Ab 5.7% ±2.1 
G1 40.0% ± 1.0 
S 21.7% ±1.5 
G2/M 31.0% ±1.0 D 
Ab 7.3% ± 0.6 
G1 51.2% ±1.1 
S 17.7% ±1.5 
G2/M 28.0% ± 1.0 
Ab 3.1% ±1.0 
G1 43.7% ± 1.5 
S 22.7% ± 0.6 
G2/M 33.0% ±21 
Ab 0.3% ± 0.6 
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Figure 8. Rntlp release into the nucleoplasm is required for exit from the 
G2/M phase of the cell cycle. (A) Immunofluorescence of Arntl cells 
expressing different Rntlp mutations fused to GFP. Rntlp lacking the last eight 
amino acids was also expressed in fusion with a heterologous nuclear 
localization signal (AD-Rntlp-463st). Rntlp is shown in red, Noplp in green, 
and DNA in blue. Yellow bar, 2 ^m. The percentage of cells in each phase of 
the cell cycle is indicated on the right of each mutant. The percentage of 
abnormal cells (Ab) is also indicated. The numbers are the average of three 
independent experiments. (B) Graphical representation of the percentage of 
cells where Rntlp was found in the nucleolus (No), nucleoplasm (Nu), or the 
cytoplasm (Cy). (C) Cells lacking RNT1 were transformed with plasmids 
expressing either GFP-Rnt1p-463st or GFP-Rntlp-K45/I, and then were tested 
for growth at 26°C. The corresponding doubling time (in hours) in liquid media 
at 26°C for each construct is indicated below the name of each fragment. (D) 
Northern blot analysis by using a probe against snR43 was performed as 
described in Figure 3C. The positions of premature (P) and mature (M) snR43 
are indicated on the right, whereas the position of the DNA molecular weight 
marker is indicated on the left. The percentage of mature snR43 in each strain is 
indicated below. (E) In vitro cleavage assay of the different Rntlp mutants. The 
reaction was carried using a model Rntlp substrate as described in Figure 3A. 
The positions of the substrate (S) and the product (P) are indicated on the right. 
Figure 9. Mutations in Rntlp affect division and microtubule movement. 
Photos of cells expressing Rntlp-K45/I, Rntlp-D247/R, or Rntlp were taken 
every 10 min, and representative pictures are shown (see videos in 
supplementary material videos 1, 5, and 6). The times from the beginning of the 
acquisitions are indicated in minutes on each photo. The microtubule complex 
revealed by GFP-Tub3p is shown in green. Yellow bars. 2 ^m. 
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DISCUSSION 
In fission yeast, orthologues of RNase III have been implicated in cell division and 
chromosome segregation, presumably through their role in RNA interference (Provost et 
al., 2002b; Hall et al., 2003). Here, we show in baker's yeast, where the components of the 
RNA interference machinery do not exist, that Rntlp is required for nuclear positioning, 
nuclear division, and normal progression of the cell cycle. Surprisingly, we found that 
Rntlp activities in the cell cycle do not involve RNA processing and degradation, but 
instead require the presence of Rntlp in the nucleoplasm. Rntlp was localized to the 
nucleolus in all phases of the cell cycle except the G2/M phase where it became 
nucleoplasm^. This localization pattern is similar to that observed with human RNase III 
(Wu et al., 2000). The Rntlp subnuclear localization pattern was found to be mediated by 
two distinct localization signals: a canonical importin-dependent signal required for both 
nuclear and nucleolar localization, and a less defined signal at the N terminus needed for 
the accumulation of Rntlp in the nucleoplasm. Point mutations that specifically block the 
accumulation of an otherwise functional Rntlp in the nucleoplasm slowed initiation of 
mitosis. Together, the results presented in this study suggest a new noncatalytic role of 
yeast RNase III that ensures cell cycle progression and nuclear division. 
Novel Functions of Rntlp Unrelated to RNA Processing 
Like other eukaryotic RNase Ills (Nicholson, 1999; Wu et al., 2000), Rntlp is 
required for the processing of rRNA and other noncoding RNAs, including snRNAs and 
snoRNAs (Lamontagne et al., 2001). In addition, the deletion of RNT1 causes severe 
growth defects and temperature sensitivity (Abou Elela and Ares, 1998) the cause of which 
remains unclear. In this study, we carefully examined the growth and cell division of Arntl 
cells and identified new phenotypes unrelated to RNA processing. The results suggest that 
the deletion of RNT1 has two distinct phenotypes: the first is slow growth stemming from 
defects in RNA processing and the second is a processing-independent defect in cell 
division. The slow growth phenotype was shown to result from slow metabolism (Figure 
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1), consistent with defects in ribosome biogenesis. Indeed, cells expressing Rntlp, but 
lacking its processing signal at the end of the 25S rRNA, displayed defects in ribosome 
biogenesis and cell growth (Allmang and Tollervey, 1998) similar to those observed upon 
the deletion of RNT1. Consistently, a single mutation in the Rntlp catalytic domain that 
impairs RNA cleavage blocked rRNA processing and slowed cell growth (Figure 3) to the 
same extent as the complete deletion of RNT1 (Abou Elela et al., 1996; Abou Elela and 
Ares, 1998; Kufel et al., 1999). In contrast, the defect in cell division was not observed in 
cells expressing catalytically impaired Rntlp (Figure 3), indicating that the observed effects 
on the cell cycle are not caused by a general perturbation of RNA processing. This is 
further supported by the failure of mutations in known Rntlp processing signals, including 
that at the end of rRNA, to reproduce the cell cycle defects observed upon the deletion of 
Rntlp (Abou Elela and Ares, 1998; Allmang and Tollervey, 1998). The data clearly 
indicate that Rntlp has new cellular functions unrelated to RNA processing. It is not clear 
at this moment whether the noncatalytic function of Rntlp is shared by other RNase Ills. It 
was previously shown that bacterial RNase III stimulates the synthesis of lambda cIII 
protein by binding to, and not by cleaving, the cIII mRNA, suggesting that bacterial RNase 
III may have cleavage independent functions (Altuvia et al., 1987). On the other hand, 
eukaryotic orthologues of RNase III have been shown to affect chromosome segregation 
(Provost et al, 2002b; Hall et al., 2003), cell development (Knight and Bass, 2001), mating 
(lino et al., 1991; Jacobsen et al., 1999), and meiosis (lino et al., 1991) in a rRNA 
processing-independent pathway. However, the requirement of RNA catalysis for RNase 
III function in all of these functions has never been directly established. We speculate that 
other eukaryotic RNase Ills may also contribute to cell functions independent of RNA 
catalysis. 
How Does Rntlp Affect the Cell Cycle and Nuclear Division? 
By forming a stable RNP, Rntlp could block or stimulate the function of 
nontranslated RNA, or regulate mRNA export to the cytoplasm. Although, Rntlp has been 
shown to form a stable RNP complex with short RNA hairpins in vitro (Lamontagne et al., 
2003), this phenomenon has yet to be demonstrated in vivo. Indeed, demonstrating the 
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effects of Rntlp-RNA interaction on the cell functions would be difficult because all 
mutations that affect RNA binding also impair RNA cleavage (Lamontagne et al., 2000; 
Tremblay et al., 2002) or perturb Rntlp localization (our unpublished data). Alternatively, 
Rntlp could influence the cell cycle by binding to proteins involved in this process. A two-
hybrid screen by using Rntlp as bait (Tremblay, 2002; Catala and Abou Elela, unpublished 
data) has identified an interaction with the microtubule binding protein Yeblp/Bimlp 
(Miller et al., 2000; Schuyler and Pellman, 2001) and Tub4p, which is required for 
microtubule organization and nuclear division (Geissler et al., 1996; Spang et al., 1996). 
The interaction of Rntlp with Yeblp/Bimlp and Tub4p could explain how Rntlp may 
influence microtubule function and nuclear positioning. Inactivation of Tub4p leads to the 
assembly of a short spindle, which does not elongate impairing the formation of a mitotic 
spindle (Spang et al., 1996). On the other hand, Yeblp/Bimlp deletion impairs nuclear 
movement and positioning in the bud neck (Adames and Cooper, 2000; Miller et al., 2000; 
Schuyler and Pellman, 2001). The expression levels of Yeblp/Bimlp and Tub4p are not 
significantly changed in Rntlp cells, suggesting that Rntlp does not affect the functions of 
these proteins by degrading their mRNA (Catala and Abou Elela, unpublished data). 
Mutations that specifically inhibit the interaction with these two proteins would reveal the 
impact of Rntlp interaction with Yeblp/Bimlp on cell division. 
Nucleolar Proteins Link pre-rRNA Processing to Cell Cycle 
The link between the cell cycle and rRNA processing is becoming clear as more 
rRNA synthesis and processing proteins are shown to be associated with the cell cycle. In 
addition to Netlp, which is involved in both RNA Pol I transcription and the regulation of 
cell exit from mitosis (Shou et al., 2001), it was recently shown that the rRNA processing 
RNase MRP is required for cell cycle progression at the end of mitosis (Cai et al., 2002). 
Deletion of this enzyme results in large-budded cells, dumbbell-shaped nuclei, and 
extended spindles. These defects are likely mediated by an accumulation of Clb2p. Rntlp, 
another pre-rRNA processing protein, is also required in both the G1 and G2/M phases of 
the cell cycle (Figures 1 and 2). Intriguingly, a single mutation in Rntlp N-terminal domain 
blocks Rntlp exit to the nucleus and delays cells at the G2/M phase of the cell cycle 
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without affecting RNA processing (Figure 8). We propose that by influencing both 
ribosome synthesis and the decision to exit mitosis, Rntlp, Netlp, and MRP help 
synchronize ribosome production with cell division, thereby ensuring the presence of an 
adequate number of ribosomes to sustain both the mother and daughter cells. 
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SUPPLEMENTAL MATERIALS 
Supplemental material can be found at http://www.molbiolcell.org/cgi/content/full/E04-03-
0183/DC1 
Supplemental Material l.avi : Division of a W303-1A RNT1 cell expressing GFP-Tub3p. 
Pictures from multiple focal points were taken every 10 minutes and merged to follow cell 
division and microtubules movement. Time in minutes is indicated on each frame. 
Supplemental Material 2.avi : Division of a Arntl cell expressing GFP-Tub3p. Pictures 
from multiple focal points were taken every 10 minutes and merged to follow cell division 
and microtubules movement. Time in minutes is indicated on each frame. 
Supplemental Material 3.avi : Movement of the GFP-Tub3p tagged microtubule in a Arntl 
cell failing to divide correctly. Microtubules never extend and the nucleus does not divide. 
Instead, the nucleus travels from the mother to the daughter cell resulting in an anucleated 
cell at the end of cytokinesis. Pictures from multiple focal points were taken every 10 
minutes and merged to follow cell division and microtubules movement. Time in minutes is 
indicated on each frame. 
Supplemental Material 4.avi : Movement of GFP-Rntlp through the division of a cell 
released from a-factor G1 synchronization. Pictures from multiple focal points were taken 
every 20 minutes and merged to follow cell division and microtubules movement. Time in 
minutes is indicated on each frame. 
Supplemental Material 5.avi : Movement of the GFP-Tub3p tagged microtubule in a Arntl 
cell expressing GFP-Rntlp-K45/I from which the fluorescence emitted is negligible 
compared to that of GFP-Tub3p and cannot be detected with the exposure time used in this 
experiment. The pre-mitotic spindle shuttles from mother to daughter cell before elongating 
and dividing. Pictures from multiple focal points were taken every 10 minutes and merged 
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to follow cell division and microtubules movement. Time in minutes is indicated on each 
frame. 
Supplemental Material 6.avi : Movement of the GFP-Tub3p tagged microtubule in a Arntl 
cell expressing GFP-Rntlp-D247/R from which the fluorescence emitted is negligible 
compared to that of GFP-Tub3p and cannot be detected with the exposure time used in this 
experiment. Pictures from multiple focal points were taken every 10 minutes and merged to 
follow cell division and microtubules movement. Time in minutes is indicated on each 
frame. 
Supplementary material 7: Construction of plasmids used in this study. Rntlp was 
expressed in vivo using the yeast vectors pRS315 (Sikorski and Hieter, 1989), pNS (Ueki et 
al., 1998), pACT2 (Clonetech Laboratories Inc., Palo Alto, CA), or pGAD and pGBDU 
(James et al., 1996). The construct pRS315/RNTl (Abou Elela et al, 1996) was modified 
by introducing an Xhol site upstream of the first AUG in RNT1 by site-directed 
mutagenesis (Kunkel, 1985) (primer 5 ' -C AAGCTTTTCTCG AG AATGGGCTC-3 ' ), 
yielding pRS315/RNTl(2XhoI). pRS315/GFP was produced by inserting a PCR fragment 
encoding for the Green Fluorescent Protein (GFP) (Carminati and Stearns, 1997) into 
pRS315/RNTl(2XhoI) digested with Xhol in order to express GFP under the control of 
Rntlp promoter. pRS315/GFP/RNTl was generated by inserting a BamHIBgllJ fragment 
from AD/RNT1 (Lamontagne et al., 2000) into the pRS315/GFP BgUI site. The blunt-
ended EcoRI-BgUl fragment from BD/ANT2 (Lamontagne et al., 2000) was inserted into 
the blunt-ended pRS315/GFP BgUI site to produce pRS315/GFP/ANT2. pRS315/GFP/NT2 
was constructed by inserting the blunt-ended EcoRI fragment from BD/NT2 (Lamontagne 
et ah, 2000) into the blunt-ended pRS315/GFP Bglll site. pRS315/GFP/dsl was 
constructed by inserting the blunt-ended BamHI-Bglll fragment from BD/dsl (Lamontagne 
et al, 2000) into the blunt-ended pRS315/GFP Bglll site. pRS315/GFP/RNTl-22st was 
constructed by inserting a Bglll-Apal digested PCR fragment encoding for the 22 first 
amino acids of Rntlp amplified from AD/RNT1 (primers 5'-
TACAAGCTAGATCTGGAGGCTCAAAAGTAGC-3 ' and 5'-
CTATTGGGGCCCTAACCATTTTCGTTATC-3') into Bglll-Apal digested pRS315/GFP. 
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pRS315/GFP/RNTl-82st and pRS315/GFP/RNTl-451ds were cloned as described above 
using the primer pairs 5'-TACAAGCTAGATCTGGAGGCTCAAAAGTAGC-3' and 5'-
CCTTTTGGGCCCACTCTATCTTAATTGTTAACG-3', amplifying a fragment encoding 
for the first 82 amino acids of Rntlp, or 5'-
GAAATTGGAG ATCTGGAAGTGAATCTGTGTTAAAAG-3 ' and 5'-
CGTCTAGGGCCGTTTCAGCTTGTATCTG-3', amplifying a fragment encoding for the 
amino acids 451 to 471 of Rntlp, respectively. pRS315/GFP/ds4 was constructed by 
subcloning the Sall-Bglll fragment from BD/ds4 (Tremblay et al., 2002) into Sall-Bglll 
digested pGBDU-C3 in order to change the reading frame, then the BamHI-Bglll fragment 
of the resulting subclone was inserted into the BgUI site of pRS315/GFP. AD/RNT1-K45/I 
and AD/RNTl-463st were generated by PCR amplification of regions of RNT1 encoding 
for the N- and C-terminal domains of the protein under mutagenic conditions (Cadwell and 
Joyce, 1994). The selected genes were sequenced and single mutations were identified in 
both cases. pRS315/GFP/RNTl-K45/I was obtained by inserting the BamHI-Bglll fragment 
of AD/RNT1-K45/I into the BgUI site of pRS315/GFP. pRS315/GFP/NT2-K45/I was 
constructed by inserting the Bglll digested PCR product encoding for the amino acids 1 to 
192 of Rntlp amplified from AD/RNT1-K45/I (primers 5'-
TAC AAGCTAGATCTGGAGGCTC AAAAGTAGC-3 ' and 5'-
TGTTGCAGATCTCTAATCACCAGCCTTTG-3') into the BgUI site of pRS315/GFP. 
pRS315/GFP/ds1-463st was constructed by inserting the blunt-ended Hindlll fragment of 
AD/RNTl-463st in the blunt-ended BgUI site of pRS315/GFP. The BamHI-BgUI fragment 
of AD/RNTl-463st was inserted into the BgUI site of pRS315/GFP to obtain 
pRS315/GFP/RNT1 -463st, and into the BamHI site of pGBDU-C3 to produce BD/RNT1-
463st. The BamHI-Sall fragment of BD/RNTl-463st was inserted into the BamHI-Sall sites 
of pQE31 to create pQE/RNTl-463st. BD/RNT1-D247/R was created by replacing the 
Avril fragment of BD/RNT1 (Lamontagne et al, 2000) with an Avril digested PCR insert 
amplified from BD/RNT1 with a 5' mutagenic oligo (primers 5'-
AGACTAGAATTCCTAGGCAGATCGATCTTAAATTCTG-3' and 5'-
CCATCATGGTCGACTAAAAGGAACG-3 '). BD/RNT1-D247/Rwas digested with 
BamHI-Bglll and inserted into the BgUI site of pRS315/GFP, producing 
pRS315/GFP/RNT 1-D247/R. The BamHI-Sall fragment encoding for the mutated RNT1 
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gene from BD/RNT1-D247/R was inserted in the BamHI-Sall sites of pQE31 in order to 
create pQE/RNTl-D247/R. For the localization assay, pNS/RNTl was generated by 
inserting a blunt-ended BamHI-BgUI fragment from AD/RNT1 (Lamontagne et al, 2000) 
in the blunt-ended Xhol site of pNS. AD/ANT2 was constructed by inserting a PCR 
fragment encoding for amino acids 192 to 471 of Rntlp amplified from AD/RNT1 into the 
Smal site of pACT2 (primers 5'-ACTGGCAGCTGAATTAAAAACC-3' and 5'-
GGAACGTTTCAGCTTG-3 ')• pNS/ANT2 was produced by inserting an Xhol-Ncol 
fragment from AD/ANT2 into the Xhol-Ncol sites of pNS. pNS/NT2 was generated by 
inserting the Xhol-Ncol fragment from AD/NT2 (Lamontagne et al., 2000) into the pNS 
Xhol-Ncol sites. pNS/dsl was constructed by inserting a PCR fragment encoding for amino 
acids 344 to 471 of Rntlp amplified from AD/RNT1 into the blunt-ended Xhol site of pNS 
(primers 5 ' -CAAGTTATGCTCGAGAAGACG-3 ' and 5 '-GGAACGTTTCAGCTTG-3 '). 
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CHAPITRE 2 
Le ratio de copies d'ADNr ouvertes versus fermées est débalancé en absence de Rntlp. 
Deletion of Rntlp alters the proportion of open versus closed rRNA gene repeats in 
yeast 
Mathieu Catala, Maxime Tremblay, Éric Samson, Antonio Conconi et Sherif Abou Elela 
Molecular and Cellular Biology, volume 28, pages 619-629,2008. 
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révision de toutes les versions successives. 
J'ai réalisé 60% des expériences présentées dans les figures de cet article. La figure 
2D a été réalisée par E. Samson, la figure 4 a été réalisée par S. Abou Elela. M. Tremblay a 
réalisé les gels de psoralène présentés dans les figures 5 et 6. 
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RÉSUMÉ DE L'ARTICLE 
Des défauts de maturation de l'ARNr sont observés en absence de Rntlp. Cet 
enzyme est impliqué dans la première étape de maturation du pré-ARNr en clivant une 
structure secondaire se formant à l'extrémité 3' du transcrit primaire. Suite à ce clivage, 
s'enchaîne une série de clivages endonucléolytiques et exonucléolytiques menant à 
l'extraction des ARNr 25S, 18S et 5.8S du transcrit primaire. En absence de Rntlp, non 
seulement le clivage en 3' du transcrit primaire est aboli, mais on note aussi un retard dans 
la maturation des ARNr 25S et 5.8S. Les travaux présentés dans cet article ont démontré 
des interactions protéiques entre Rntlp et deux sous-unités de l'ARN pol I. Rntlp interagit 
avec Rpa34p et Rpal2p, une sous-unité de l'ARN pol I importante pour la terminaison de la 
transcription. L'absence de Rntlp cause un défaut de terminaison. Un effet similaire est 
causé par la perte d'interaction entre Rntlp et Rpal2p. Une perturbation de la structure de 
la chromatine des répétitions d'ADNr a aussi été observée en absence de Rntlp. La délétion 
de RNT1 cause l'ouverture de la chromatine des répétitions d'ADNr sans toutefois causer 
d'augmentation de la transcription. Des essais de marquage in vivo de l'ARNr ont permis de 
caractériser la réduction de transcription et le délai de maturation associé à la délétion de 
RNT1. En résumé, cet article démontre l'existence de nouveaux liens entre la synthèse et la 
maturation de l'ARNr et identifie une nouvelle fonction de Rntlp dans la terminaison de la 
transcription de l'ARN pol I. 
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ABSTRACT 
In Saccharomyces cerevisiae, the double-stranded-RNA-specific RNase III (Rntlp) 
is required for the processing of pre-rRNA and coprecipitates with transcriptionally active 
rRNA gene repeats. Here we show that Rntlp physically interacts with RNA polymerase I 
(RNAPI) and its deletion decreases the transcription of the rRNA gene and increases the 
number of rRNA genes with an open chromatin structure. In contrast, depletion of 
ribosomal proteins or factors that impair RNAPI termination did not increase the number of 
open rRNA gene repeats, suggesting that changes in the ratio of open and closed rRNA 
gene chromatin is not due to a nonspecific response to ribosome depletion or impaired 
termination. The results demonstrate that defects in pre-rRNA processing can influence the 
chromatin structure of the rRNA gene arrays and reveal links among the rRNA gene 
chromatin, transcription, and processing. 
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INTRODUCTION 
In Saccharomyces cerevisiae, ribosomes are formed of 78 different ribosomal 
proteins assembled around four rRNAs. The synthesis of these essential protein factories 
involves three RNA polymerases and several processing factors (70). The ribosomal 
protein genes are transcribed by RNA polymerase II, while the rRNAs are transcribed by 
RNA polymerase I (RNAPI), with the exception of the 5S rRNA that is produced by RNA 
polymerase III. RNAPI produces the 18S, 5.8S, and 25S rRNAs as a single transcript 
containing two external transcribed spacers (ETSl and -2) and two internal transcribed 
spacers (ITS1 and -2). Once transcribed, the rRNA precursor is processed to form the 
ribosome small subunit containing the 18S rRNA and the ribosome large subunit (LSU) 
containing the 5.8S and 25S rRNAs (69). 
RNAPI (Fig. 1) is composed of five subunits common to all RNA polymerases, two 
subunits shared with RNA polymerase III, and seven unique subunits (53). All of the 
shared subunits are essential for yeast growth, as are the two largest unique subunits. The 
five remaining unique subunits are dispensable; however, the loss of Rpal2p causes 
temperature sensitivity and impairs RNAPI termination (21, 52). The last four RNAPI-
specific subunits form two distinct complexes; one contains the Rpa34p and Rpa49p 
subunits, and the other contains the Rpal4p and Rpa43p subunits. The Rpa34p-Rpa49p 
complex is located near Rpal2p (Fig. 1) and is thought to play a role in RNAPI elongation 
(21, 29). In contrast, it was suggested that the Rpal4p-Rpa43p complex participates in the 
recruitment of RNAPI to its promoter (51). Both of these RNAPI-associated complexes are 
functionally interdependent since the double deletion of the nonessential components 







FIG. l.Structure of RNAPI. Schematic representation illustrating the 
presumed positions of five unshared RNAPI subunits and their spatial 
relationship to each other. The model is based on electron microscopy and 
immunolocalization data published by Schultz and coworkers (4,11). 
The rRNA genes are present in multiple copies of two distinct types; one is 
permissive to transcription, and the other is transcriptionally refractive (26). In higher 
eukaryotes, rRNA synthesis is regulated by three different mechanisms, (i) designation of 
the total number of active genes, (ii) modulation of the transcription initiation rate, and (iii) 
regulation of the RNAPI elongation rate (14, 26, 47, 62). In S. cerevisiae, rRNA synthesis 
appears to be regulated by varying the proportions of active and inactive rRNA gene copies 
in response to growth conditions and by modulating the transcription initiation rate of 
active genes, which is controlled by the enhancer DNA element (3, 15, 53). More recently, 
it has been proposed that the overall initiation rate, but not the number of active genes, 
determines the rRNA transcription rate during exponential growth (20). However, changes 
in the number of active rRNA gene copies were also shown to contribute, albeit modestly, 
to the overall transcription rate (18). 
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At the chromatin level, canonical nucleosomes are not present in the coding regions 
of rRNA genes that are either transcribing or permissive to transcription. In contrast, 
nucleosomes are present on inactive rRNA genes (44, 61). These two forms of chromatin 
have been observed in a number of organisms, ranging from yeast to mammals, by a 
technique that is based on psoralen photo-cross-linking (58, 65). Furthermore, electron 
micrographs of psoralen-cross-linked rRNA gene chromatin and biochemical studies 
monitoring DNA accessibility to nuclease-like DNase I, micrococcal nuclease, and 
restriction enzymes (8, 13, 42, 43, 48, 49, 60) have confinned the absence of canonical 
nucleosomes from the coding regions of active rRNA genes in all of the organisms 
investigated. Recently, it was shown that nucleosomes may associate with active rRNA 
gene repeats in a genetically engineered yeast strain harboring an artificially reduced 
number of rRNA gene repeats (33). 
After transcription by RNAPI, the 3' end of the primary rRNA transcript is cleaved 
by the double-stranded RNA (dsRNA)-specific RNase Rntlp at site BO (2, 36) to produce 
the first biochemically detected rRNA precursor (35S) (69). The 35S rRNA precursor is 
subjected to a series of further processing events performed by a large ribonucleoprotein 
complex that includes more than 100 proteins and several snoRNAs (25, 69). The activity 
of this large RNA-processing complex is affected by mutations that impair RNAPI 
initiation (59), while mutations of factors involved in pre-rRNA processing impair 
transcription initiation (22). Other protein factors required for the transcription of the 
ribosomal protein genes were also implicated in the transcription and processing of pre-
rRNA, underscoring the tight regulation of ribosome synthesis (57). 
Although it was recently shown by electron microscopy analysis that a 
cotranscriptional cleavage separating the small sub- unit from the LSU RNA precursors 
could occur in as many as 50% of the pre-rRNA transcripts (50), the earliest processing 
event linked to transcription that is detectable by biochemical techniques is performed by 
the endoribonuclease Rntlp (2). Rntlp is recruited to the nucleolus only in the presence of 
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an actively transcribed rRNA gene (7) and coprecipitates with active rRNA gene repeats 
(28). In addition, the deletion of Rntlp affects the accuracy of RNAPI termination (52). 
This phenotype is similar to that obtained upon the deletion of RNAPI subunit Rpal2p, 
which is believed to be responsible for transcription termination (52). 
In order to better define the link between rRNA gene transcription and pre-rRNA 
processing, we have searched for proteins that connect Rntlp to rRNA gene transcription. 
A two-hybrid screen was performed with Rntlp as bait and a limited set of RNAPI-
associated subunits as prey. The results show that Rntlp interacts with RNAPI unique 
subunits Rpal2p and Rpa34p. Rntlp interacts with these subunits independently with 
different sets of amino acid residues. Rntlp was immunoprecipitated with the RN API-
specific complex containing subunits Rpa34p and Rpa49p, confirming the association of 
Rntlp with RNAPI. In vivo labeling showed that in the absence of Rntlp, rRNA 
transcription is reduced and unprocessed pre-rRNA is degraded. Psoralen photo-cross-
linking indicated that the deletion or inactivation of RNT1 increases the number of rRNA 
genes with open chromatin. Expression of a catalytically impaired RNT1 allele failed to 
restore the expression and ratio of an open versus a closed rRNA gene, suggesting that 
transcription of the rRNA gene is linked to RNA processing by Rntlp. 
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MATERIALS AND METHODS 
Strains, plasmids, and media. 
All of the yeast strains used in this study are described in Table 1. Yeast cells were 
grown and manipulated by standard procedures (27, 56). The plasmids used in this study 
are listed in Table 2. Temperature shifts from 26°C to 37°C were initiated by adding 1 
volume of medium heated to 48°C. The new cultures were incubated at 37°C. TetO? 
promoter-dependent depletion was achieved by adding 10 ng/ml doxycycline (Sigma-
Aldrich, Oakville, Ontario, Canada) to the growth medium. 
TABLE 1.5. cerevisiae strains used in this work 















MATa Ieu2-3,U2 his3-U,l5 trpl-1 ura3-l ade2-l canl-100 
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TABLE 2. Plasmid constructs used in this study 
Name Description Source 
pRS315/GFP GFP under RNTI promoter control in pRS315 (7) 
pRS315/GFP/RNT1 RNTI coding sequence (1 -471 aa) cloned in frame in pRS315/GFP (7) 
pRS315/GFP/RNT1-D247/R RNTI coding sequence (1-471 aa) variant with D247R mutation (7) 
cloned in frame in pRS315/GFP 
pRS315/GFP/RNT1 -463st RNTI coding sequence (1-463 aa) cloned in frame in pRS315/GFP (7) 
pRS315/RNTl-B38/T RNTI coding sequence (1-471 aa) temperature sensitive variant with (23) 
1338/T mutation cloned under RNTI promoter control in pRS315 
PGBDU-C3 (32) 
BD/RNT1 RNTI coding sequence (1-471 aa) cloned in frame in pGBDU-C3 (38) 
BD/NT2 RNTI coding sequence (1-191 aa) cloned in frame in pGBDU-C3 (38) 
BD/DS1 RNTI coding sequence (344-471 aa) cloned in frame in pGBDU-C3 (38) 
BD/DS4 RNTI coding sequence (428-471 aa) cloned in frame in pGBDU-C3 (38) 
BD/RNT1-D247/R RNTI coding sequence (1-471 aa) variant with D247R mutation (7) 
cloned in frame in pGBDU-C3 
BD/RNT1-K421/A RNTI coding sequence (1-471 aa) variant with K421Amutation (66) 
cloned in frame in pGBDU-C3 
BD/RNT1-KK463/AA RNTI coding sequence (1-471 aa) variant with K.463A and K464A (67) 
mutations cloned in frame in pGBDU-C3 
BD/RNTl-463st RNTI coding sequence (1-463 aa) cloned in frame in pGBDU-C3 This work 
AD/RNT1 -463st RNTI coding sequence (1-463 aa) cloned in frame in pGAD (7) 
Characterization of protein interaction. 
Two-hybrid assays were carried out as described previously (67). In order to 
immunoprecipitate Rntlp, the TAP tag was fused to RNTI in strain LLY112 via a PCR-
based one-step in vivo tagging strategy with integration vector pBS1539 (55). One-liter 
yeast cultures were grown in YEPD to an optical density at 600 nm (ODÔOO) of 0.7 to 0.8 
and were frozen and dissociated with dry ice in a coffee grinder (Krups, Medford, MA). 
Tagged complexes were purified from the extract on immunoglobulin G (IgG) beads as 
described previously (35, 55). The purified proteins were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis on a 10% acrylamide gel. Western blot assays 
were performed with four different antibodies. Blots were incubated with primary 
antibodies against Rntlp (1:7,500) (67), Rpa34p (1:20,000), and Rpa49p (1:20,000) (6) for 
2 h at room temperature or for 16 h at 4°C. The secondary antibody (anti-rabbit IgG, 
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1:80,000; Sigma-Aldrich Canada) was incubated with the blots for 1 h at room temperature. 
The primary antibody against phosphoglycerate kinase (1:500; Molecular Probes, Eugene, 
OR) was incubated under the same conditions as the other three but was visualized with an 
anti-mouse IgG (1:15,000, Sigma-Aldrich Canada) secondary antibody. 
Northern blot analysis. 
Total RNA (10 |ig) was separated by electrophoresis on 1% denaturing agarose 
gels. The rRNA species were visualized as described earlier (2), with probes I (5' 
ACTATCTTAAAAGAAGAAGCAACAAGC AG), II (5' ATGAAAACTCCACAGTG), 
and III (5' TTTCGCTGGGTTCTTCATC), which were generated by end labeling of DNA 
oligonucleotides. Probe IV was generated by random labeling (19) of a PCR fragment 
corresponding to the sequence downstream of the 25S rRNA 3' end (+53 to +208). 
RNase protection assay. 
A probe complementary to the 3' end of the 25S rRNA and the 3' ETS was 
produced by T7 transcription (2). DNase RQl (Promega, Madison, WI)-treated total RNA 
(10 ng) was incubated at 42°C for 16 h with 0.5 fmol of probe in 80% formamide 
hybridization buffer (45). The hybridization mixture was digested with 100 U of RNase T1 
(Roche Diagnostics, Laval, Quebec, Canada) for 1 h at 30°C, extracted with phenol-
chloroform, ethanol precipitated, and loaded on 6% denaturing polyacrylamide gels. 
Pulse-labeling of cellular RNA. 
Yeast cells were grown in YC medium to an ODk» of 0.5 at 26°C. The RNA was 
labeled in vivo by incubation of 20-ml culture aliquots with 50 |iCi/ml [32P]orthophosphate 
(Amersham Biosciences, Baie d'Urfé, Quebec, Canada) in phosphate-depleted YC medium 
(67). The RNA was extracted, separated on a 1% denaturing agarose gel, and visualized by 
a Phosphorlmager (Storm 860; Amersham Biosciences). For the pulse-chase experiment, 5-
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ml aliquots of a culture grown in YC medium lacking uracil to an OD600 of 0.6 were pulse-
labeled for 2 min with 30 nCi/ml [3H]uracil (Amersham Biosciences). The chase was 
performed by the addition of excess cold uracil (240 ng/ml) to the culture (64). 
Nuclear extraction and psoralen photo-cross-linking. 
Cell disruption and nucleus preparation were performed as described previously 
(12). Yeast cells (~1.6 x 109) were collected, washed with ice-cold phosphate-buffered 
saline, suspended in 1.S ml of nuclear isolation buffer (SO mM morpholinepropanesulfonic 
acid [MOPS, pH 8.0], 150 mM potassium acetate, 2 mM MgCk, 17% glycerol, 0.5 mM 
spermine, 0.15 mM spermidine), and transferred to 15-ml polypropylene tubes containing 
1.5 ml of glass beads (425 to 600 |im; Sigma-Aldrich Canada). Cross-linking of nuclei was 
performed in 24-well multiwell plates (Falcon, uncoated). A psoralen (4,5',8-
trimethylpsoralen; Sigma-Aldrich Canada) stock solution (400 ng/ml) was added at a 
volume equal to 0.025x the nuclear suspension volume. After 5 min on ice in the dark, the 
nuclear suspension was irradiated on ice for 10 min as described previously (13). The 
irradiation step was repeated twice. Southern blot assays were performed on cross-linked 
DNA extracted from nuclei, digested with EcoRI, and separated on 1% native agarose gels 




RNAPI subunits Rpal2p and Rpa34p interact independently with the C-terminal domain of 
Rntlp in vivo. 
Several lines of evidence suggest that Rntlp-dependent processing of the 25S pre-
rRNA 3' end is coupled to transcription (28, 36, 52, 54), suggesting a physical interaction 
between Rntlp and RNAPI. To test this hypothesis, we assayed the interaction of Rntlp 
with the RNAPI-specific subunits (Rpal2p, Rpal4p, Rpa34p, Rpa43p, Rpa49p, Rpal35p, 
and Rpal90p) by a two-hybrid interaction assay. RNAPI subunits were fused to the Gal4 
activation domain (AD) (31), and Rntlp was fused to the DNA-binding domain (BD) of 
Gal4 (pGBDU-RNTl). Plasmids carrying the different RNAPI subunits were transformed 
with pGBDU-RNTl into a yeast strain harboring three marker genes (32). Interactions were 
scored by monitoring yeast growth on medium lacking histidine. Of the seven subunits 
screened, two (Rpal2p and Rpa34p) induced specific growth on the selective medium in 
the presence of Rntlp (Fig. 2). 
Gal4 AD fusions with Rpal2p (pGAD-RPA12) and Rpa34p (pGAD-RPA34) were 
tested for interaction with the different domains of Rntlp (Fig. 2A). As shown in Fig. 2B, 
both AD-Rpal2p and AD-Rpa34p interacted with full-length BD-Rntlp. However, the 
interaction of Rntlp with Rpa34p was somewhat stronger than that with Rpal2p. In order 
to better define the Rpal2p and Rpa34p binding sites, a series of Rntlp truncation mutants 
were examined for interaction with both subunits. Deletion of the C terminus (BD-NT2/1-
191) disrupted the interaction with both subunits, while deletion of both the N-terminal 
domain and the nuclease domain (BD-DS1/344-471) did not (Fig. 2A and B). The last 44 
amino acids (aa) of Rntlp (BD-DS4/428-471), which include 4 aa of a-helix 2(a2), a 
conserved element of the aj3Pfki dsRNA-binding motif (34), and all of a-helix 3 (a3), an 
element unique to Rntlp (41, 72), interacted with an efficiency similar to that of BD-DS 1 
with Rpa34p (Fig. 2B). In contrast, BD-DS4 interacted with Rpal2p much less efficiently 
than BD-DS 1. This difference in binding efficiency suggests that Rpa34p binds to Rntlp 
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primarily through an interaction with the amino acid residues downstream of the canonical 
dsRNA BD (dsRBD) (Fig. 2A), while Rpal2p requires additional elements of thedsRBD 
present in BD-DS1. As shown in Fig. 2B, the introduction of a stop codon at position 463 
of Rntlp eliminates the terminal 8 aa and blocks interaction with both subunits. Point 
mutations that change the positively charged residue lysine (K) 421 to the hydrophobic 
residue alanine (A) disrupt the binding to Rpal2p but not to Rpa34p. As shown in Fig. 2C, 
this mutation does not significantly affect the binding previously documented for Garlp 
(67) (a component of the H/ACA pseudouridylation complex involved in the modification 
and cleavage of the 18S pre-rRNA). Therefore, although the C terminus of Rntlp 
constitutes the principal protein-binding site, the interaction of each protein uses a distinct 
set of amino acid residues. A point mutation in Rntlp disrupting its catalytic activity (BD-
D247/R) without affecting its interaction with the RNA (37) did not disrupt the interaction 
of Rntlp with either of the subunits of RNAPI. In fact, the disruption of the Rntlp catalytic 
activity enhanced the binding of Rntlp with Rpal2p without affecting the interaction with 
Rpa34p (Fig. 2B). We conclude that Rntlp binding to RNAPI is independent of its capacity 
to cleave pre-rRNA. 
Rntlp coimmunoprecipitates with RNAPI-specific subunits. 
In order to confirm the interaction between Rntlp and RNAPI, we 
immunoprecipitated a TAP-tagged version of Rntlp and monitored the coprecipitation of 
RNAPI subunits with specific antibodies. The TAP-tagged protein was generated from a 
chromosomal copy of the RNT1 gene fused to the calmodulin BD, a TEV protease cleavage 
site, and the IgG BD of protein A from Staphylococcus aureus (55). The expression of the 
tagged protein was confirmed by Western blot assay with antibodies raised against Rntlp 
(Fig. 2D, lane 2). As expected, Rntlp-TAP migrated more slowly than the untagged Rntlp 
version (Fig. 2D, lane 1) due to the presence of the TAP tag. The tagged RNT1 allele was 
able to complement the deletion of RNT1, and no effect on either RNA processing or cell 
growth was observed (data not shown). As shown in Fig. 2D, Rntlp-TAP coprecipitated 
with IgG beads and was released upon cleavage by the TEV protease (Fig. 2D, lanes 4 to 
7). Western blot analysis with antibodies against Rpa34p and Rpa49p revealed that these 
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two interacting subunits specific for RNAPI precipitate with Rntlp-TAP (Fig. 2D, lanes 4 
to 7) and not in the absence of the tag (Fig. 2D, lane 3). The interaction of Rntlp with 
Rpa49p could not be reproduced by the two-hybrid system, suggesting that this interaction 
might be either too weak or indirect. Since Rpa34p and Rpa49p form a stable complex (21), 
we presume that the observed coimmunoprecipitation of Rpa49p with Rntlp, shown in Fig. 
2D and previously noted in genome-wide protein coprecipitation assays (35), is mediated 
by Rpa34p. These data confirm the results of the two-hybrid assay and indicate the 
formation of a stable Rntlp/RNAPI complex. 
In order to determine whether or not Rntlp interaction with Rpa34p is RNA 
dependent, we examined the effects of RNase treatment on the Rntl p/Rpa34p-Rpa49p 
complex. Incubation of the immunoprecipitated Rntlp/Rpa34p-Rpa49p complex with a 
cocktail of RNases VI, Tl, and T2 completely degraded all of the RNA species, as detected 
by gel analysis (data not shown). As shown in Fig. 2D, lanes 5 to 7, treatment with RNases 
had no effect on Rnt 1 p/Rpa34p-Rpa49p complex formation. Therefore, we suggest that the 
interaction between Rntlp and the Rpa34p-Rpa49p complex is not likely to be via RNA, 
although we cannot rule out the possibility that an amount of RNA undetectable by gel 
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FIG. 2. Rntlp interacts with RNAPI-specific subunits. (A) Schematic 
representation of the Rntlp truncations and point mutations used in this study. 
The hatched boxes represent the Rntlp N-tenninal (N-term) domain. The Rntlp 
nuclease domain (NUCD) is light gray, and its dsRBD is dark gray. The portion 
of the dsRBD in black represents the Rntlp protein-binding site. The white box 
indicates the Rntlp nuclear localization signal (NLS). The positions of the 
different point mutations are indicated by asterisks. The sequence of the C-
tenninal 51 aa of Rntlp and the positions of the different mutations in this 
region are shown at the top, as well as the extents of a-helices 2 and 3 of the 
dsRBD. (B) The interaction between RNAPI subunits Rpal2p and Rpa34p with 
the different domains of Rntlp was assessed by analyzing the abilities of 
plasmid pairs to support the growth of yeast strain PJ69-4A on medium lacking 
histidine and supplemented with 10 mM 3-aminotriazole (YC -His +10 mM 
3AT) compared to growth on nonselective medium (YC -3). (C) The two-
hybrid assay was carried out as described for panel B, with Garlp as bait, in 
order to evaluate the specificity of Rntlp interaction with the RNAPI subunits. 
(D) RNAPI subunits Rpa34p and Rpa49p coimmunoprecipitate with TAP-
tagged Rntlp (Rntlp-TAP). Immunoprecipitations with cell extracts expressing 
either tagged or untagged Rntlp were performed, and the Rntlp-bound proteins 
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(IP) were released by enzymatic cleavage of the Rntlp tag (Rntlp-C). The 
released proteins were visualized by Western blot analysis with protein-specific 
antibodies. Antibodies against phosphoglycerate kinase (PGK) were used as a 
control. The Rntlp complex was treated with different concentrations (units) of 
a mixture of RNases VI, Tl, and T2 in order to evaluate the contribution of 
RNA to the formation of the protein complex. 
Deletion of Rntlp reduces synthesis and induces the degradation of pre-rRNA. 
Microarray analysis (23) indicated that deletion or inactivation of Rntlp leads to the 
accumulation of polyadenylated fragments of the 25S rRNA 3' end. Northern blot assays 
with a probe covering the 3' end of the 25 S rRNA also confirmed the presence of these 
truncated species (data not shown). On the other hand, in vivo labeling of newly 
synthesized rRNA indicated that in the absence of Rntlp, the overall rate of rRNA 
synthesis is reduced (Fig. 3A). As shown in Fig. 3B, after a 15-min labeling period, pre-
rRNA precursors were visible in wild-type (RNT1) cells but the majority of the rRNA was 
either mature or in the form of processing intermediates. In contrast, very little RNA was 
observed in Arntl cells at the same time point. At 90 min postincubation with [32P]PC>4, 
most of the pre-rRNA is processed in wild-type cells while a significant amount of the 35S 
pre-rRNA precursor remains visible in Arntl cells. It is important to note that after 90 min 
of labeling, the 35S rRNA continued to accumulate in Arntl cells but not in wild-type cells 
(Fig. 3B and C), indicating a defect in the maturation of the pre-rRNA. 
Deletion of RNT1 impairs the processing and degradation of many snRNAs (1,9), 
snoRNAs (24), and mRNAs (23, 39), causing major changes in cell metabolism (7). 
Moreover, the reduced growth rate of Arntl cells may indirectly cause a general reduction 
in transcription (2). Therefore, we wanted to examine pre-rRNA transcription and 
processing shortly after the inactivation of the enzyme to avoid indirect effects arising from 
prolonged growth in the absence of Rntlp. Cells carrying a temperature-sensitive allele of 
Rntlp (mtl-ts) were grown at the permissive temperature and then shifted to the restrictive 
temperature for 1 or 240 min and incubated with [32P]PC>4. As shown in Fig. 3D, after 5 
min of incubation with [32P]PC>4, very little rRNA was detected in RNA extracted from 
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cells incubated at either the permissive or the restrictive temperature. Instead, the precursor 
35S rRNA was observed under all conditions and RNA extracted from cells shifted to the 
restrictive temperature for 240 min exhibited a reduced amount of 27S rRNA. After 15 min 
of labeling, defects in the accumulation of both the 18S and 25S rRNAs, compared to the 
35S rRNA, were observed even when the cells were incubated for only 1 min at the 
restrictive temperature prior to labeling. After 90 min of labeling, a band migrating faster 
than the 25S rRNA was detected, indicating an aberrant rRNA species, and an increased 
accumulation of 3SS over the mature rRNAs was observed in the cells shifted to the 
restrictive temperature for 240 min (Fig. 3E). Pulse-chase analysis of pre-rRNA processing 
in the wild-type (RNT1) and Arntl (Arntl : :HIS3) strains grown at 26°C (Fig. 4) also 
indicates that the deletion of RNT1 reduces the synthesis and delays the processing of the 
35S rRNA into mature rRNA. We conclude that the inactivation of Rntlp delays both the 
synthesis and the processing of pre-rRNA transcripts. 
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FIG. 3. Deletion of RNTl inhibits rRNA synthesis. (A) The rate of rRNA 
synthesis was determined by following the incorporation of [32P]PC>4 in both 
pre-rRNA and mature rRNA species. Labeled RNAs separated on denaturing 
agarose gels were quantified and plotted using the amount of total stained RNA 
as a reference point. The data presented are an average of three experiments. 
(B) Pulse-labeling of rRNA upon the deletion of RNTl. Wild-type and Arntl 
cells were incubated for either 15 or 90 min with [32P]P04 at 26°C. The RNA 
was extracted, and equal counts were loaded on an agarose gel and visualized 
by autoradiography. To evaluate the RNA quality, equal amounts of total RNA 
were loaded onto agarose gel and visualized by direct staining. The positions of 
the different RNA species, as well as of the degradation products (DP), are 
indicated on the left. (C) Chart illustrating the ratio of rRNAs quantified after 
90 min of labeling with a Phosphorlmager. The expression level of 35S rRNA 
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relative to that of mature rRNA was calculated and normalized to that of wild-
type RNA. (D) Pulse-labeling of rRNA upon the inactivation of Rntlp. Cells 
expressing a temperature-sensitive allele of Rntlp (rntl-ts) were grown for 0,1, 
or 240 min at 37°C and then incubated with [32P]PC>4 for 5, 15, or 90 min. The 
RNA was extracted and visualized as described for panel B. DP indicates a 
degradation product observed upon the inactivation of Rntlp. (E) Chart 
illustrating the relative expression levels of the rRNA species detected after 90 
min of labeling. The RNA values were normalized with the RNA extracted 
from rntl-ts cells growing at the permissive temperature as a reference. 
RNT1 mt1A::HIS3 
FIG. 4. Deletion of RNT1 delays rRNA processing. Wild-type (HI227) and 
Arntl::HIS3 cells were pulse-labeled for 2 min with [3H]uracil, followed by a 
chase with excess unlabeled uracil. Aliquots of the cultures were collected at 
the indicated time points starting from the beginning of the chase. RNA was 
extracted and separated on denaturing agarose gels and transferred to nylon 
membranes. The observed rRNA species are indicated on the left. 
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Deletion or inactivation of RNT1 increases the number of rRNA genes with open 
chromatin. 
In vivo labeling suggests that deletion of RNT1 impairs both the transcription and 
the processing of rRNA. In order to further investigate the impact of Rntlp on the 
regulation of rRNA gene transcription, we used psoralen photo-cross-linking to monitor the 
ratio of open to closed forms of chromatin in the rRNA gene repeats. An open form of 
chromatin is indicative of genes that are transcribed or poised for transcription by RNAPI, 
while a closed form is indicative of inactive genes (65). Yeast cells either carrying a 
deletion in RNT1 (Arrttl) or expressing a temperature-sensitive allele (rntl-ts) were 
harvested, and nuclei were prepared and photo-cross-linked with psoralen. The principle of 
psoralen cross-linking is that the preactive and active (non- nucleosomal or open) forms of 
the rRNA gene bind more psoralen than the inactive (nucleosomal or closed) rRNA gene. 
Consequently, psoralen cross-linked rRNA gene fragments from open genes have a slower 
migration rate on electrophoretic- gels than do fragments from closed genes (14, 65). As 
shown in Fig. 5A, wild-type (RNT1) cells (lane 1) contained about 30% open and 70% 
closed forms of the rRNA gene, indicating that the majority of the rRNA genes under these 
growth conditions (at 26°C in synthetic medium) are inactive. Interestingly, the rRNA 
genes extracted from Arntl cells were mostly in the open form (Fig. 5 A, lanes 11 and 12), 
while the unrelated RNA polymerase II-transcribed genes (e.g., GLTJ or POL2) were not 
(data not shown). 
Deletion of RNT1 inhibits yeast growth, reducing the cell doubling time in culture 
from 3.6 to 12.4 h (at 26°C in synthetic medium) (7) and causes the cells to easily lose their 
mitochondria (data not shown). Thus, we examined the impact of mitochondrial loss and 
short-term depletion of Rntlp on the two forms of rRNA gene chromatin. As shown in Fig. 
5A, lanes 11 and 12, the rRNA gene chromatin phenotype is not altered by the presence or 
absence of mitochondria. To ensure that the changes in chromatin structure do not arise 
from unspecific long-term metabolic adaptation due to the slow growth of Arrttl cells, we 
followed the ratio of open versus closed rRNA gene chromatin after inactivation of the 
temperature-sensitive allele of Rntlp {rntl-ts). As shown in Fig. 5A and B, changes in the 
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growth temperature did not affect the ratio of open to closed rRNA gene fractions of the 
wild type (RNT1), even after 6 h (Fig. 5A, lanes 1 to 5). Although there is already an 
increase in the number of open rRNA gene repeats extracted from rntl-ts cells when they 
are grown at the permissive temperature (26°C) (Fig. 5A, lane 6), more rRNA gene repeats 
were open after 2 h at the restrictive temperature (37°C) (lane 9). An increase in the 
processing defects at BO in this mutant strain is also observed at almost the same time. The 
results indicate that the inactivation of Rntlp induces the opening of additional rRNA gene 
units, which suggests that the reduced rate of rRNA synthesis results from defects in later 
steps like transcription initiation or elongation. 
Deletion of RNT1 could indirectly induce the opening of the rRNA gene chromatin 
by reducing ribosome stability, perturbing general rRNA processing, or by decreasing 
rRNA gene transcription. To examine these possibilities, we expressed three genes, with 
different documented effects on ribosome synthesis, from repressible promoters and 
monitored the impact of depleting each protein on rRNA gene chromatin. As shown in Fig. 
5C, the conditional depletion of the ribosomal protein (Rpll5Ap), which decreases the 
stability of the ribosome LSU (40), did not increase the number of open rRNA genes 
despite a substantial reduction in the amount of LSU RNA. Similarly, depletion of 5'-end 
pre-rRNA processing factor Utp7p (17) did not induce a notable change in the ratio of the 
two forms of rRNA gene chromatin, even when the amoimt of 18S rRNA was reduced 
threefold. In contrast, depletion of Utp5p, a component of the t-Utp complex required for 
optimal rRNA gene transcription (22), reduced rRNA syn thesis and the amount of the open 
rRNA gene form (Fig. 5C). 
To determine whether the effect of RNT1 deletion on the rRNA gene chromatin is 
due to transcriptional readthrough, we deleted RPA12, the RNAPI subunit required for 
transcription termination (52), and monitored the ratio of the two rRNA gene fonns. As 
shown in Fig. 5D, deletion of RPA12 did not alter the ratio of open to closed rRNA gene 
repeats, indicating that transcription readthrough alone does not alter the chromatin 
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structure of the rRNA gene locus. We conclude that the observed changes in rRNA gene 
chromatin are specific for cells lacking Rntlp and not an indirect response due to general 
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FIG. 5. Loss of Rntlp activity increases the number of rRNA genes with an 
open chromatin conformation. (A) Cells carrying a wild-type copy of RNTJ 
or a temperature-sensitive allele (rntl-ts) were shifted to 37°C, and aliquots 
were collected at different time points for RNA extraction or nucleus 
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preparation and psoralen photo-cross-linking. Southern blot analysis of the 
cross-linked DNA (top) was performed with a probe corresponding to the 25S 
rRNA. The open and closed rRNA gene forms are indicated by open and black 
circles, respectively. The arrowhead on the right indicates the open form of the 
rRNA genes. The bottom part shows an RNase protection assay performed to 
assess the impact of Rntlp inactivation on the processing of the 2SS rRNA 3' 
end (BO) as a control. The values on the right are molecular sizes in 
nucleotides. (B) The psoralen-cross-linked rRNA gene shown in panel A was 
quantified with a Phosphorlmager, and the results are presented as migration 
profiles. The profiles of RNT1 DNA are in black, while those of rntl-ts DNA 
are in gray. (C) Ribosomal protein Rpll5Ap, 5'-end processing factor Utp7p, 
and Utp5p, a member of the t-Utp complex, were expressed from tetracycline 
(Tet07)-controllable promoters, and the rRNA genes forms were examined 
after inhibition of the transcription of each gene. Psoralen cross-linking and 
Southern blot assays (top) were prepared as described for panel A, and the 
migration profiles (middle) of the cross-linked DNA were prepared as 
described for panel B. The migration profiles of DNA extracted after 0 and 24 h 
of transcription inhibition are shown as black and gray lines, respectively. The 
amounts of 27S pre-rRNA and 18S rRNA were examined by Northern blot 
analysis after 24 h of transcription inhibition, and the RNA amount was 
quantified and plotted relative to the amount of 5.8S rRNA (bottom). WT, wild 
type. (D) Psoralen cross-linking was performed with nuclei extracted from 
wild-type cells (RPA12) or cells lacking RPA12 (rpal2A). The Southern blot 
assay (left side) was prepared as described for panel A, and the migration 
profile (right side) was prepared as described for panel B. The profile of RPA12 
DNA is in black, and that of rpal2A is in gray. 
Mutations that disrupt the Rntlp/RNAPI complex alter the rRNA gene chromatin 
conformation and reduce the efficiency of pre-rRNA processing. 
To better define the mechanism that induces the opening of rRNA gene chromatin, 
we introduced mutations that block Rntlp catalytic activity or its interaction with RNAPI 
and monitored their impact on the state of the rRNA genes and pre-rRNA processing. As 
shown in Fig. 6A and B, mutations that impair Rntlp catalysis (GFP [green fluorescent 
protein]-D247/R) or inhibit the nuclear localization and interaction with RNAPI (GFP-
463st) increased the number of open rRNA gene repeats (Fig. 6A, lanes 3 and 4) and 
blocked pre-rRNA processing (Fig. 6C, lanes 3 and 4), as observed in Arntl cells. Cells 
expressing a GFP-Rntlp fusion exhibit a slight accumulation of 35S pre-rRNA that could 
only be detected after prolonged exposure, but the processing pattern was very similar to 
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that of wild-type cells (data not shown). Interestingly, mutations that inhibit the interactions 
between Rntlp and either one (BD-K421/A) or two (AD-463st) RNAPI subunits also 
altered the ratio of the two forms of rRNA gene (Fig. 6A, lanes 5 and 6) and reduced pre-
rRNA efficiency (Fig. 6C, lanes 5 and 6), albeit moderately. These results suggest that the 
formation of a complex of RNAPI and Rntlp is required for efficient pre-rRNA processing 
and maintaining the number of closed rRNA genes. 
£ I £ £ I a flC ï Ô O < Hi 
1 2 3 4 5 8 
B 
Amtl GFP-D247/R GFP-463«t 
m m M 
0 S 1# 
Migration 
AD-463M 
o s 10 
Migration 
BD-K421/A 
0 8 10 
Migration 
A2 A3 
i l  - . M i l  ^  H  1  i  -  ^  H 1  
C « Q . H . T Ï  f c S r Û . f i u T T  H  S  CL  û .  T  j  t  *  &•  Û .  T  




1  2  3  4  5  6  1  2  3  4  5  6  I  2  3  4  S  6  1 2 3 4 5 6  
FIG. 6. Mutations that disrupt the Rntlp/RNAPI complex increase the 
number of open rRNA genes and reduce the efficiency of pre-rRNA 
processing. (A) The ratios of open to closed rRNA genes were examined in 
cells expressing different mutations that impair Rntlp catalytic activity (GFP-
D247/R), block the localization of Rntlp in the nucleolus (GFP-463st), or 
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disrupt the interaction with RNAPI (AD-463st and BD-K421/A). The open and 
closed rRNA genes are indicated by open and black circles, respectively, on the 
left. The profiles corresponding to the samples shown in panel A are presented 
in panel B. Wild-type profiles are in black, while those of the different mutants 
are in gray. (C) Northern blot analyses of rRNAs extracted from cells 
expressing the different Rntlp mutants examined in panel A. The pre-rRNA 
processing intermediates were visualized with probes against sequences in the 
5' ETS, ITS1, 5.8S rRNA, or 3' ETS (I to IV). Schematic representations of the 
primary rRNA transcript and probe positions are shown at the top. The 
positions of the different processing intermediates are indicated at the sides, 
with asterisks denoting 3'-extended species detected with probe IV. 
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DISCUSSION 
This study describes a new link between rRNA gene transcription and rRNA 
processing. Two-hybrid assay and immunoprecipitation have indicated that the 25 S rRNA 
processing enzyme Rntlp binds at least two different subunits of RNAPI (Fig. 2). Deletion 
of Rntlp inhibited rRNA synthesis and altered the chromatin conformation of the rRNA 
gene locus (Fig. 3, 4, 5, and 6). Reduced rRNA gene transcription in Arntl cells is 
underscored by its increased sensitivity to transcription inhibitors (unpublished data). 
Deletion of Rntlp increased the number of rRNA genes having an open chromatin 
conformation, indicating an increase in transcriptionally poised rRNA genes (Fig. 5 and 6). 
The opening of the rRNA genes was specifically induced by defects in Rntlp cleavage 
activity or binding to RNAPI but not in response to a generic perturbation of ribosome 
synthesis. Together, the results suggest that the opening of the rRNA gene chromatin, 
transcription, and pre-rRNA processing are interdependent processes linked, at least in part, 
by physical interactions between Rntlp and RNAPI. 
It has been proposed that Rntlp cleaves the primary rRNA transcript 
cotranscriptionally because of a failure to detect the unprocessed precursor in wild-type 
cells (54), perturbation of transcriptional termination upon the deletion of RNTJ (52), and 
the coimmunoprecipitation of Rntlp with actively transcribed rRNA genes (28). The results 
presented here support this proposition and provide evidence for a physical interaction 
between Rntlp and at least two subunits of RNAPI (Rpal2p and Rpa34p). The Rpal2p 
subunit is not shared with other RNA polymerases and is required for transcription 
termination (52, 68). Thus, an interaction between Rntlp and Rpal2p may link 
transcription termination and processing. Indeed, the deletion of RNT1 or RPA12 results in 
transcription readthrough in vitro (52). However, while Rntlp might be required for 
optimal transcription termination (52), Rpal2p itself is not required for pre-rRNA 
processing in vivo (unpublished data). Rntlp also interacts with RNAPI-specific subunit 
Rpa34p, which is located near Rpal2p and forms a stable complex with Rpa49p. Deletions 
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of any of these three subunits are not lethal, unless they occur in combination with the 
deletion of RPA14, whose product is another nonessential subunit residing on the opposite 
side of the RNAPI holoenzyme (21). Individual deletion of RPA12, RPA34,orRPA49 did 
not affect pre-rRNA processing, while the deletion of RPA14 delayed the processing of the 
35S rRNA (unpublished data). Interestingly, deletions of RNTl and RPA49 are 
synthetically lethal (16), suggesting that Rntlp interacts both physically and functionally 
with the RNAPI subunit. 
Ribosome biogenesis is a complex process that requires coordinated transcription, 
maturation, and assembly of many RNA and protein components (22, 57, 59). In this study, 
we provide a new link between early pre-rRNA processing events and the predisposition of 
rRNA genes to transcription. Normally, the number of rRNA genes predisposed to 
transcription remains constant during exponential growth and is decreased during cell 
starvation (15). Surprisingly, deletion of pre-rRNA processing factor Rntlp induced the 
opening of most rRNA genes, suggesting that almost all rRNA gene repeats could be 
opened under special conditions. The increase in open rRNA genes did not lead to an 
increase in rRNA gene transcription, suggesting either that there are additional defects 
preventing transcription in Arntl cells or that the transcription is controlled by a number of 
events in addition to the opening of the rRNA gene chromatin. Deletion of Rntlp shifts the 
transcription profile but does not significantly reduce the transcription elongation rate, as 
judged by transcription run-on (52; Nick J. Proudfoot, personal communication), 
suggesting that the defect in RNA synthesis observed in vivo is due to defects in 
transcription steps other than elongation. 
What is the signal that triggers chromatin changes in the rRNA gene locus? The 
available data suggest that the opening of rRNA genes is triggered by a failure in the 
processing of the 3' end of the primary rRNA transcript. Perturbation of transcription 
initiation, ribosome stability, or processing of the pre-rRNA 5' end failed to induce the 
chromatin opening of rRNA gene repeats (Fig. 5). In contrast, a point mutation that only 
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disrupts the catalytic activity of Rntlp fully reproduced the phenotype caused by RNT1 
deletion and induced the chromatin opening of most rRNA genes (Fig. 6). These data 
suggest that the overall reduction in the number of ribosomes is not sufficient to promote 
changes in the number of transcriptionally competent rRNA genes. On the other hand, it 
appears that opening of rRNA gene chromatin is not enough to activate transcription in 
response to a reduction in the amount of mature rRNA. We suggest that new copies of 
rRNA genes are opened as a reaction to a continuous failure of the cells to produce the 
correct pre-rRNA 3' end from a given set of active rRNA genes. 
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RÉSUMÉ DE L'ARTICLE 
Une sensibilité accrue aux conditions causant un stress des parois est observée en 
absence de Rntlp. Tout comme pour plusieurs mutants de la voie de réponse au stress des 
parois, la présence d'un agent osmostabiliseur tel que le sorbitol permet de secourir ce 
phénotype. Basé sur cette observation, nous avons recherché une implication de Rntlp dans 
cette voie de réponse au stress. Les niveaux d'expression des ARNm de plusieurs gènes 
impliqués dans cette voie sont surexprimés en absence de Rntlp. Des essais de clivage in 
vitro furent réalisés pour les ARNm possédant des structures potentielles de clivage par 
Rntlp identifiant une dizaine de nouveaux substrats. La surexpression de plusieurs de ces 
substrats potentiels cause des défauts de croissance et une sensibilité accrue au stress des 
parois suggérant que Rntlp jouerait un rôle répresseur dans cette voie en condition 
normale. D'ailleurs, en réponse à des conditions activant la voie de réponse au stress des 
parois, l'expression de Rntlp est négativement régulée. La caractérisation in vivo de 
l'implication de Rntlp dans la régulation de ces subtrat fut réalisée pour HSL1, codant pour 
une kinase impliquée dans le point de contrôle de la morphogénèse et associée aux voies de 
réponse au stress des parois et de stress osmotique. En absence de Rntlp, on observe une 
augmentation générale de l'expression de Hsllp avec un effet plus marqué sur l'expression 
en G2 qui est prolongée en absence de Rntlp. En résumé, cet article supporte l'existence 
d'un mécanisme de régulation nucléaire des ARNm impliquant Rntlp dans le maintien d'un 
bas niveau d'expression de gènes reliés au stress en condition de croissance normale. 
119 
ABSTRACT 
Stress response requires precise modulation of gene expression in reaction to 
changes in growth conditions. Here, we show that selective nuclear mRNA degradation is 
required for the cell wall stress response and the regulation of the cell wall integrity 
checkpoint. Deletion of yeast nuclear dsRNA specific ribonuclease III (Rntlp) increased 
the expression of mRNAs associated with the morphogenesis checkpoint and cell wall 
integrity pathway leading to an attenuation of the stress response. Overexpression of 
selected Rntlp substrates including the stress associated morphogenesis protein kinase 
Hsllp in wild type cells mimicked the effect of RNT1 deletion on cell wall integrity and 
their mRNA were directly cleaved by the recombinant enzyme in vitro. Together the data 
support a model for gene regulation where nuclear mRNA degradation optimizes the cell 
response to stress and links it to cell cycle. 
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INTRODUCTION 
Cell cycle is a four-step process leading to the replication of the genetic content and 
cell division (Hartwell, 1974). Production of viable progeny requires a tight control of each 
stage, starting with the first gap (Gl) where the cell reaches maturity and acquires the 
nutrition required for the division (Alberghina et al, 2004). Once a critical size is reached, 
the DNA synthesis begins in the start (S) phase followed by a second gap (G2) ensuring the 
readiness for the final stage of mitosis (M) and division (Sullivan and Morgan, 2007). The 
transition through the different phases of the cell cycle is driven by factors generated from 
cyclically transcribed genes (Wittenberg and Reed, 2005). The periodicity of the 
transcriptional activation is achieved largely through posttranslationally regulated 
transcription factors (Bàhler, 2005) and the impact of transcriptional inhibition on protein 
expression is insured by the generally short half life of the cell cycle regulated mRNA and 
proteins (Schneider et aï., 2004). In addition, there are few cases where posttranscriptional 
regulation of RNA stability was associated with the cell cycle. For example, it was reported 
that the degradation of the mRNA coding for the G2 cyclin Clb2p is required for the exit 
from mitosis (Gill et al., 2006), while stabilisation of Igol and Igo2 mRNAs is necessary to 
quiescence upon starvation (Talarek et al., 2010). However, the contribution of RNA 
stability to cell cycle remains limited to few examples and the mechanism by which it 
contributes to cell cycle checkpoints remains unclear. 
Checkpoints are quality control mechanisms ensuring that appropriate conditions 
are met for the cell to divide (Hartwell and Weinert, 1989). Under normal conditions the 
checkpoints ensure that each phase of the cell cycle is complete before the next starts. 
However, when cells are exposed to unfavourable growth conditions, activated checkpoints 
delay the cell cycle to allow cells to recover from the insult (Clotet and Posas, 2007). For 
example, while the inhibitor of B-type cyclins Siclp normally acts as a part of the 
checkpoint for the completion of the Gl phase by inactivating the cyclin dependent kinase 
Cdc28p (Schwob et al., 1994), it also delays the cell cycle when exposed to osmotic stress. 
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Hypertonic shock activates the high osmotic glycerol (HOG) pathway that delays cells in 
the G1 phase by stabilizing Siclp (Escoté et al., 2004). The HOG pathway also arrests cells 
in the G2 phase by phosphorylating the morphogenesis checkpoint kinase Hsllp (Clotet et 
al., 2006). Similarly, the activation of the cell wall integrity (CWI) pathway delays the 
G2/M transition through the activity of the mitogen-activated protein kinase (MAPK) Slt2p 
(Harrison et al., 2001). Indeed, both pathways use similar factors and strategies to regulate 
the cell cycle, and several links connecting the different stress response networks have been 
described (Fuchs and Mylonakis, 2009). For example, Hsllp phosphorylation by Hoglp 
upon activation of the HOG pathway has recently been shown to contribute to the 
regulation of Slt2p (Simpson-Lavy et al, 2009); whereas transcription factors such as 
Rlmlp may be activated by both the Slt2p and Hoglp dependent pathways (Hahn and 
Thiele, 2002). Besides protein phosphorylation and transcription activation, the cell wall 
stress results in a global modulation of mRNA stability (Romero-Santacreu et al, 2009). 
However, the contribution of RNA dependent regulation of gene expression to stress 
dependent cell cycle checkpoints remains largely unexplored. 
In this study, we examined the contribution of RNA stability to stress dependent 
checkpoints by monitoring the impact of yeast nuclear dsRNA specific ribonucleases 
(Rntlp) on mRNAs associated with the cell cycle. Deletion of RNT1, a kin of the human 
ribonucleases Dicer (Lamontagne et al, 2001), delays the G1 phase of the cell cycle 
(Catala et al., 2004) and increases resistance to hypertonic stress (Lee et al., 2005) 
suggesting possible links between RNA degradation and stress dependent cell cycle 
checkpoints. A survey of potential Rntlp substrates associated with the cell cycle identified 
cleavage signals within the mRNAs coding for the stress dependent checkpoint associated 
proteins Swi4p and Hsllp. Cells lacking Rntlp were found to be sensitive to stresses 
related to the CWI pathway, and many of the genes in this pathway were upregulated by the 
deletion of RNTlin vivo and cleaved by recombinant Rntlp in vitro. In contrast, genes 
implicated in the HOG pathway involved in hypertonic response were not cleaved by Rntlp 
in vitro, and rntl/S. cells were not found, as previously noted (Lee et al., 2005), to be 
sensitive to high osmotic conditions. Together the results add a new layer for the 
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mechanism for stress dependent regulation of the cell cycle where selective RNA 
degradation may conditionally alter gene expression. 
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RESULTS 
Identification of RNA degradation events required for cell cycle progression 
The dsRNA specific ribonuclease Rntlp shuttles between the nucleolus and the 
nucleoplasm in a cell cycle dependent manner and the deletion of RNT1 causes a delay in 
G1 phase of the cell cycle and results in budding defects (Catala et al., 2004). The delay in 
the cell cycle and budding anomaly were largely restored by a RNT1 allele carrying a 
mutation in the catalytic domain, which blocks RNA cleavage without affecting RNA 
binding, suggesting that RNA cleavage is not essential for cell cycle progression (Catala et 
al., 2004). However, it remained unclear how the dsRNA specific ribonuclease may affect 
the cell cycle in a cleavage independent way. One possibility is that Rntlp may reduce gene 
expression by stably binding its target RNA and preventing its export to the cytoplasm for 
translation. In this case, the catalytically impaired enzyme may restore the cell cycle 
phenotype by binding to RNA that would normally be cleaved by the wild type version. To 
examine this possibility we monitored the impact of Rntlp on the expression of mRNA 
associated with the yeast cell cycle in the KEGG (Kyoto Encyclopedia of Genes and 
Genomes) pathway in vivo and tested their cleavage potential in vitro using recombinant 
enzyme (Figure 1A). Out of the 125 cell cycle associated genes in the KEGG (Kyoto 
Encyclopedia of Genes and Genomes) pathway, 9 were consistently overexpressed in rntl A 
cells, 50 harboured predicted Rntlp cleavage sites, and 3 were overexpressed in vivo and 
had a potential cleavage site for Rntlp (Figure 1A and Table S3). Examining the known 
functions of the three potential Rntlp substrates encoding, Apc4p, a component of the 
anaphase promoting complex (Thornton et al., 2006), Hsllp, a kinase regulating the 
morphogenesis checkpoint (Theesfeld et ai, 2003), and, Swi4p, the DNA binding 
component of the SBF transcription factor (Nasmyth and Dirick, 1991) suggests a common 
function in regulating stress response and cell cycle progression (Baetz et al., 2001; 
Simpson-Lavy et al., 2009; Simpson-Lavy and Brandeis, 2010). Therefore, we propose that 
Rntlp represses the expression of a specific and functionally related group of genes 
implicated in stress dependent cell cycle regulation. 
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Rntlp directly cleaves mRNAs of genes associated with cell cycle regulation 
Deletion of RNT1 affects the expression of many genes and as such the changes in 
expression of APC4, SWI4 and HSL1 may simply be an indirect event independent of 
Rntlp catalytic activities. To rule out this possibility, we first tested the ability of 
recombinant Rntlp to directly and selectively cleave the natural Apc4, Swi4, and Hsll 
mRNAs in vitro. Total RNA was extracted from wild type cells (RNT1) or rntlA cells and 
incubated in the presence or absence of recombinant Rntlp. As expected, the deletion of 
RNT1 increased mRNA levels of all three genes, confirming the microarray prediction 
(Figure 1, B, C and data not shown). However, only Swi4 and Hsll mRNA were cleaved 
when incubated with recombinant Rntlp (Figure 1, B and C). The Actl mRNA, which was 
used as a negative control and the mRNA of Apc4 were not cleaved indicating that Rntlp 
selectively cleaves Swi4 and Hsll mRNAs. The cleavage site of Swi4 was mapped by 
primer extension near a canonical Rntlp cleavage site (Figure IB, upper panel) while that 
of Hsll mRNA was mapped near a stem-loop structure forming through long range 
interactions within the 3' end of the gene. Consistently, impairing the catalytic activity 
without affecting the RNA or protein binding activity of the enzyme (Catala et al, 2004) 
were sufficient to increase the expression of Hsll and Swi4, confirming that Rntlp catalytic 
activity is required for inhibiting the expression of these genes (data not shown). We 
conclude that Rntlp directly triggers RNA degradation of at least two cell cycle genes 
implicated in stress response. 
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FIGURE 1: Identification of posttranscriptionally regulated cell cycle 
genes. (A) All mRNAs associated with cell cycle genes in the Kegg's cell cycle 
pathway were analyzed for the presence of Rntlp cleavages signal. Genes that 
are upregulated upon the deletion of RNT1, as indicated by expression 
microarrays, were validated for cleavage by recombinant Rntlp in vitro. Genes 
coding for RNA that are directly cleaved by Rntlp were deemed candidates for 
cell cycle dependent posttranscriptional regulation. (B) Rntlp regulates the 
expression and directly cleaves the mRNA of Gl/S transition SWI4 gene. The 
left panel shows the Northern blot analysis of total RNA extracted from wild 
type cells (RNT1) or cells lacking the RNT1 gene (rntl A) and incubated with or 
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without recombinant Rntlp in vitro. The different bands were visualized using 
a probe specific to the sequence of Swi4 mRNA. A probe against the actin gene 
(Actl) was used to provide loading control. The positions of the mature RNA 
and the cleavage product (P) are indicated beside the gels. The relative mRNA 
amount (RMA) in rntlA with respect to RNT1 averaged from 3 experiments ± 
SD is shown below the gel. The right panel shows mapping of the cleavage site 
through primer extension on total RNA extracted from the identified strains 
using a primer placed downstream of the predicted stem-loop structure. A 
sequence reaction using the same primer allows the detection of the 5 ' end 
fragment generated through Rntlp dependent cleavage. The position of the 
cleavage as determined by primer extenssion is identified by an arrowhead. 
Size markers are indicated on the left of the gel. (C) Rntlp regulates the 
expression and directly cleaves the mRNA of morphogenesis checkpoint HSLl 
gene. RNA analysis was performed as in B. A cartoon illustrating the position 
of Rntlp cleavage signal and the site of cleavage is indicated above each gel. 
Rntlp dependent RNA degradation alters the expression of Swi4 and Hsll proteins 
Swi4p is expressed throughout the cell cycle (Taba et al., 1991). while the 
expression of Hsllp is tightly linked to the cell cycle with a maximal protein amount 
detected in S phase (Burton and Solomon, 2000; Theesfeld et al., 2003), To evaluate the 
impact of RNA degradation on these two different modes of genes expression, we 
monitored the protein levels of SWI4 and HSLl during the cell cycle before and after the 
deletion of RNT1. The chromosomal copies of SWI4 and HSLl were tagged with Green 
Fluorescent Protein (GFP) and the intracellular signal was quantified using epifluorescence 
microscopy in each phase of the cell cycle as judged by the bud size. As expected, in wild 
type cells GFP-tagged Swi4p expression was similar in the different phases of the cell cycle 
(Figure 2A, left panel). Deletion of RNT1 did not significantly affect the localization or the 
overall pattern of expression of Swi4p but instead increased the overall amount of the 
protein by an average of 1.6 fold across the cell cycle with a peak difference of 
approximately 3 fold for cells in G2. This is consistent with the average 1.7 fold increase of 
Swi4 mRNA observed in rntl à. cells (Figure IB). We conclude that Rntlp regulates the 
overall expression of Swi4p in a cell cycle independent manner. 
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In the case of HSL1, maximum expression level of the protein in wild type cells was 
detected in the S phase as previously reported (Burton and Solomon, 2000; Theesfeld et al., 
2003) and decreased in G2/M to reach its minimum level in G1 (Figure 2B, left and center 
panels). Almost all of the Hsllp detected in wild type cells was localized in the bud-neck 
except in the G1 phase of the cell cycle where very low levels of the protein were scattered 
in the cytoplasm (Figure 2B, right panel). Deletion of RNT1 increased the expression of 
Hsllp in all phases of cell cycle with an average of 6 folds. Interestingly, RNT1 deletion 
increased the expression of Hsllp even in G1 where it is normally suppressed indicating 
that Rntlp plays an important role in the cell cycle dependent repression of Hsllp (Figure 
2B right panel). Unlike, Swi4p the deletion of RNT1 also affected the localization pattern of 
the Hsllp rendering a significant proportion of the protein cytoplasmic. The most dramatic 
effect on localization was observed in the G2/M phase of the cell cycle where 90% of the 
rntlA cells exhibited at least a portion of the protein in the cytoplasm, while almost all the 
wild type cells in this phase exhibit clean bud-neck localization pattern (Figure 2B right 
panel). This indicates that Rntlp cleavage of Hsll mRNA plays an important role in 
controlling the production of Hsllp during the cell cycle allowing the protein to properly 
localize at the bud-neck, where it conducts its main function in the morphogenesis 
checkpoint (Theesfeld et al., 2003). Based on these results, we hypothesized that Rntlp 
increases the efficiency and the rapidity of cell cycle dependent repression of this protein 
by ensuring that all transcript that are not needed are degraded in the nucleus. To evaluate 
this possibility, we followed the kinetics of Hsllp accumulation during the cell cycle in live 
cells by tracking Hsllp-GFP signal in RNT1 and rntlA cells using epifluorescence. As 
shown, in Figure 2C, the deletion of RNT1 increases die duration in which Hsllp-GFP is 
detected in the bud-neck by 90 minutes. This suggests that failure to degrade the Hsll 
mRNA in the nucleus delays the shutdown of the Hsllp expression. We conclude that 
Rntlp inhibits the cytoplasmic localization and promotes the cell cycle repression of Hsllp 
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FIGURE 2: Detecting the impact of RNT1 deletion on the cell cycle 
dependent expression of Swi4 and Hsll proteins. (A) Fluorescence pictures 
showing the expression of GFP tagged Swi4p was used to quantify its 
expression in different phases of the cell cycle as judged by the cell bud size. 
The data calculated from over 200 cells from at least 2 independent 
experiments were transformed into box plots and are reported in the center 
panel. The boxes cover 50% of the data points with the separating line 
corresponding to the median. The whiskers represent the data points of the first 
and fourth quartiles. Data points outside the experimental mean (outliers) are 
depicted as dots. The right panel shows the localization of the signal expressed 
as percentage of cells with nuc standing for nucleoplasmic and cyto for 
cytoplasmic. (B) Quantification of the Hsll-GFP signal across the cell cycle 
was performed as described in A. (C) The expression of GFP tagged Hsllp was 
monitored from the first appearance of the proteins (yellow arrow) until the 
signal is no longer detected (red arrow) at the bud neck of dividing cells. The 
scale bars correspond to 5 jxm. 
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Overexpression of HSL1 partially reproduces the phenotype of RNT1 deletion 
Since Hsllp and Swi4p are upregulated in absence of RNT1 (Figure 2, A and B) we 
hypothesized that the Rntlp dependent delay in the G1 phase of the cell cycle might be 
induced at least in part by their overexpression. Accordingly, we first tested the impact of 
HSL1 overexpression on cell cycle by overexpressing this gene from a plasmid (PGair 
HSLJ) carrying a GAL1 promoter (Zhu et al., 2001) in wild type cells. Cells were grown in 
the presence of glucose then shifted to galactose containing media for 6 hours and the effect 
on cell cycle was monitored using microscopy and cytometry. As expected, the cell shape, 
budding index and the cell cycle dependent distribution of DNA was not altered in cells 
transformed with either Pcmu-HSLl plasmid or empty vector when grown in glucose 
(Figure 3A and data not shown). In contrast, Vq^w-HSLI cells grown in galactose containing 
media exhibited a marked increase in the number of unbudded cells, suggesting an 
increased number of cells in Gl. In addition, HSL1 overexpression also induced the 
formation of cells with elongated buds (Figure 3A). This phenotype is very similar to that 
previously reported upon the deletion of RNT1 cells (Catala et al., 2004) where most of the 
cells were unbudded or displayed aberrant budding pattern. However, unlike rntlS. cells, 
flow cytometry analysis did not reveal an increase in cells with IN DNA content after the 
induction of HSL1 as would be expected from the increase in the number of unbudded cells 
(Figure 3A). Instead, we detected a small increase in the number of cells with 2N DNA as 
previously reported (Sopko et al, 2006). Therefore, the over-expression of HSL1 appears to 
reproduce the budding but not the DNA duplication delay associated with the deletion of 
RNT1 (Figure 3B). The accumulation of unbudded cells that have completed DNA 
synthesis has been previously has been previously observed with other mutants affecting 
the CWI pathway (Negishi and Ohya, 2010). Accordingly, it appears that a part of rntlA 
phenotype stems from an increase in the level of Hsllp that in turns impairs the CWI 
pathway and inhibit bud formation. Overexpression of SWI4 did not delay cells in G1 as 
judged by both DNA content and budding index (data not shown) suggesting that the 
increase in Swi4p is not the cause of rntlA cell cycle delay. Interestingly, overexpression of 
SWI4 slightly increased the number of cells with long buds (data not shown) as is the case 
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in rntlA (Catala et al, 2004) suggesting that Rntlp dependent repression of SWI4 is 
required for normal bud formation and not cell cycle progression. Indeed it was previously 
reported that Swi4p is implicated in the cell wall synthesis pathway that affect bud 
formation (Igual et al., 1996). 
Deletion of HSL1 partially supresses the phenotypic defects of rntlA cells 
To more directly determine the contribution of Hsllp to Rntlp dependent 
phenotype, we deleted HSL1 in both wild type and rntlA cells and tested the impact on 
budding and the cell cycle. As shown in Figure 3B, the deletion of HSL1 by itself increased 
the number of cells with large buds and 2N DNA content, while the deletion of RNT1 
resulted in the accumulation of unbudded cells carrying IN DNA. This confirms a previous 
report suggesting that while Rntlp is required for the progression through G1 (Catala et al., 
2004), the expression of Hsllp is needed for the M/Gl transition (McMillan et al., 1999). 
Strikingly, the combination of both deletions (rntlAhsllA) suppressed the Rntlp dependent 
accumulation of cells in G1 and restored the cell cycle phase ratio to that observed with 
wild type cells (Figure 3B). Few cells exhibited multiple buds and more than 2N DNA 
content suggesting a defect in budding. However, the most pronounced phenotype of 
rntlAhsllA cells was the high rate of cell bursting and mortality, as 44% of the cells 
observed by light microscopy were ghost cells, and a substantial fraction had less than IN 
DNA content (Figure 3B). This indicates that Hsllp and Rntlp do not only contribute to 
cell cycle progression and budding anomaly but also influence cell wall integrity. Deletion 
of SWI4 did not affect the phenotype of rntlA cells once again confirming that the increase 
in Swi4p is not the cause of Rntlp cell cycle defect (data not shown). We conclude that 
Rntlp contributes to Hsllp dependent cell integrity and bud formation. 
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FIGURE 3: HSL1 and RNT1 interact genetically. (A) Overexpression of 
HSL1 causes a delay in bud formation and the accumulation of long budded 
cells. RNT1 cells expressing HSL1 under the control of an inducible galactose 
promoter were grown under repressive (glucose) or inducible conditions (2% 
galactose for 6 hours). Both induced and non-induced cells were collected and 
analyzed using light microscopy or flow cytometry. The left panel shows image 
of the cells obtained using light microscopy with the scale bar representing 5 
nm. The center panel shows DNA content analysis by flow cytometry with IN 
and 2N peaks indicated. The bar graph on the right shows the distribution of 
cells according to the bud size and morphology. The data presented is an 
average of three independent experiments with error bars corresponding to SD. 
(B) Deletion of HSL1 reduces the RNT1 dependent delay in G1 and reduces the 
cell wall integrity. Cells carrying single or double deletions in RNT1 and HSL1 
were grown to log phase and analyzed as described in A. 
Rntlp is a key regulator of the cell wall stress pathway 
Since the double deletions of RNT1 and HSL1 affected cell wall integrity and Hsllp 
was previously implicated in the regulation of Slt2p kinase from the CWI pathway 
(Simpson-Lavy et al., 2009), we hypothesized that Rntlp may play a role in regulating the 
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CWI pathway. Accordingly, we compared the phenotypic impact of deleting RNT1 to that 
observed upon the deletion of established cell wall stress response genes like the MAPKs 
HOG1 and SLT2. Hoglp and Slt2p are part of two separate but interrelated networks of 
proteins that respond differently to high and low osmotic stresses by remodelling the cell 
wall and influencing its assembly (Levin, 2005). As expected, inclusion of Congo red, a 
classical agent interfering with cell wall assembly (Roncero and Durân, 1985), dramatically 
reduced growth of sit2A when compared with that of wild type (RNT1) or hoglA cell 
(Figure 4A). Interestingly, rntlA was also more sensitive to Congo red than both RNT1 and 
hoglA suggesting that Rntlp influences cell wall assembly as in the case of Slt2p. Indeed, 
rntl A displayed similar growth tendency as sit2 A and not hoglA in all growth conditions 
tested. For example, the inclusion of NaCl or sorbitol in the media dramatically inhibited 
the growth of the hoglA strain while not affecting negatively the growth of slt2A and rntl A 
strains (Figure 4A). Strikingly, sorbitol rescued the temperature sensitivity phenotype 
previously reported for rntl A (Catala et al, 2004). This means that Rntlp is required for 
the cell wall response to high temperature and explains why RNT1 deletion inhibits growth 
at 37°C. We conclude that Rntlp is required for optimal response to cell wall stress. 
In order to place Rntlp within the protein network regulating the response to cell 
wall stress, we examined its genetic interaction with different genes associated with the 
CWI and HOG pathways. Different strains carrying cell wall stress gene deletions or an 
unrelated gene deletion (BAR1) were crossed to the rntl A strain and the impact on growth 
monitored under different temperatures or osmotic concentrations. As expected, crossing 
rntl A to the control barlA cells did not modify the growth phenotype, while all strains 
were not able to grow at 37°C, which is the restrictive temperature for rntl A cells (Figure 
4B). In contrast, strong synthetic sickness or lethality was observed for rntl A hoglA and 
rntl A hsllA cells in all conditions tested. This indicates that Rntlp functions in parallel to 
Hoglp in cell wall stress response and suggests that Hsllp is not the only link between 
Rntlp and the cell wall stress response network. The slt2ArntlA strain did not show 
enhanced growth defects at 26°C despite the fact that rntl A and slt2A single mutants 
phenotypes could be rescued by sorbitol (Figure 4B). Consistently, RNT1 did not 
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genetically interact with any of the genes strictly placed in the Slt2p osmotic response 
dependent pathways, like the genes encoding the redundant kinases Mkklp and Mkk2p. 
This suggests that Rntlp is not strictly redundant for the SLT2 dependent low osmotic 
stress response at least under certain conditions. On the other hand, deleting SLT2 or its 
transcription activation partner SWI4 prevented the sorbitol dependent rescue of rntlA cells 
at 37°C, suggesting that these two genes may have parallel or redundant functions with 
RNTl for growth at high temperature. Indeed, Swi4p activity was shown to be stimulated in 
Slt2p dependent manner in response to heat (Baetz et al., 2001). In contrast, RNTl 
interacted genetically with BCKl, a gene encoding the kinase upstream of Slt2p implicated 
in the coactivation of the HOG and CWI pathways (Garcia et al, 2009), only at 26°C but 
not at 37°C. Since RNTl synthetically interacts with BCKl and not with other genes in the 
CWI pathway at 26°C, we suggest that Rntlp and Bcklp are redundant due to the 
implication of Bcklp with the HOG pathway. Together, genetic interactions suggest that 
Rntlp contribution to cell wall integrity is not restricted to its regulation of Hsll mRNA but 
extends to a larger network of genetic interactions connecting the Slt2p and Hoglp 
branches of the pathway (Figure SI). 
If indeed, Rntlp is an element of the cell wall stress pathway one expects stress to 
modulate the expression or the function of Rntlp. To examine this possibility, we 
monitored the impact of different cell wall related stresses on Rntlp-GFP expression using 
qRT-PCR. As shown in Figure 4C, the level of Rntlp decreased in conditions that reduce 
the growth of rntlA cells (Figure 4A) like temperature and Congo red, while those that do 
not inhibit the growth of rntlA cells like NaCl and sorbitol treatments resulted in the 
accumulation of Rntl mRNA between 1.7 and 2-fold (Figure 4C). Analysis of the Rntlp-
GFP protein expression using epifluorescence microscopy showed no difference in the 
localization pattern but instead revealed a decrease in the expression when the cells 
exposed to Congo red or shifted to high-temperature (data not shown). We conclude that 
cell wall stress regulates the expression level of RNTl and suggest that this change in Rntlp 
levels regulates at least in part the induction of stress dependent RNA degradation. 
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FIGURE 4: Rntlp contributes to the cell wall stress response pathway. (A) 
Deletion of RNT1 impairs cell wall stress response. Wild type cells or cells 
lacking RNT1 (rntl A), the hyperosmotic stress response gene HOG1 (hogl A), 
or the hypo-osmotic stress response gene SLT2 (slt2A) were grown in the 
presence of either 30 ng/ml of cell wall synthesis inhibitor Congo red (CR), 0.5 
M sodium chloride (NaCl), 1 M sorbitol (Sorb), or at high temperature (37°C) 
with or without sorbitol. Growth rates were calculated for each strain relative to 
wild type cells grown in YEPD at 26°C. No growth could be detected for rntl A 
cells grown at 37°C and hogl A cells grown in NaCl containing media. (B) 
RNT1 genetically interacts with cell wall stress response factors, rntl A cells 
carrying deletion in 8 genes implicated in hyper and hypo-osmotic stress 
response or an unrelated gene (BAR1) were generated and assayed for growth in 
liquid media containing or not 1 M sorbitol at 26 or 37°C. The relative growth 
rates were calculated and synthetic interactions were scored when the effect 
was greater than the cumulative effect expected from the product of separate 
single mutants effects. (C) CWI stress activation causes changes in Rntl 
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mRNA accumulation. Rntl mRNA level was measured by quantitative RT-
PCR from total RNA extracted from RNTl cells after treatment at 37°C for 20 
minutes, 30 ng/ml Congo Red for 20 minutes, 0.5 M sodium chloride for 5 
minutes or 1 M sorbitol for 5 minutes and compared to cells resuspended in 
YEPD at 26°C for the corresponding time. The data is an average of three 
experiments represented as ratios of expression normalized to the level detected 
in cells grown in YEPD and to the housekeeping gene Actl. 
Rntlp mediates posttranscriptional regulation of CWI associated genes 
To explain how Rntlp influences the activity of the cell wall stress response 
pathways and further confirm its implication in stress response, we performed a 
comprehensive search for Rntlp substrates among mRNAs related to cell wall stress. Using 
the approach illustrated in Figure 1A, we examined the impact of deleting RNTl on 
mRNAs connected to the CWI and HOG pathways (Levin, 2005; Chen and Thorner, 2007, 
and Table S4). Among 61 genes tested, 11 mRNAs contained potential Rntlp cleavage 
sites and were upregulated in rntl A cells. Of this subset, the mRNAs of 5 genes could be 
cleaved in vitro by Rntlp including the mRNAs of HSL1 and SWI4. Further testing 
revealed 6 other targets of Rntlp whose expression levels were not consistently upregulated 
in the microarray data sets (Table S4). Figure 5 summarizes the change in expression and in 
vitro cleavage data for genes directly linked to the CWI and HOG pathways, and shows 6 
new direct Rntlp targets. The new substrates includes the mRNA encoding the Slt2p 
activating kinase Mkk2p, the Rholp inhibitor Bem2p, glucan synthase complex members 
Fkslp and Gsc2p, the Rholp/Rho2p GDP/GTP exchange factor Rom2p and the Rlmlp 
transcription factor activated by both Slt2p and Hoglp (Levin, 2005). Interestingly, all 
direct RNA substrates that were also overexpressed in rntl A cells under normal growth 
conditions were associated to the Slt2p pathway with the exception of the Rlml and Hsll 
mRNAs whose products are implicated in both the Slt2p and HOG responses. These data 
support the genetic interaction assays (Figure 4B) placing Rntlp directly in the Slt2p 
pathway and links it in parallel to the Hoglp network. 




FIGURE 5: Rntlp is a key regulator of osmotic response genes. The 
expression of all genes associated with the Hoglp dependent hyperosmotic 
stress response and the Slt2p dependent hypo-osmotic stress response were 
monitored in wild type and rntlA cells. Key genes were selected and tested for 
in vitro cleavage using recombinant Rntlp. Genes overexpressed in the absence 
of RNT1 are indicated by white boxes, while genes that are not affected by 
RNT1 deletion are shown in gray boxes. Bold box outlines indicate genes 
cleaved by Rntlp in vitro. The genes implicated in cell wall stress signaling 
pathway are schematically represented in context of their cellular localization 
and their shared targets and regulators. Black arrows indicate transcription 
activation while gray lines indicate physical interactions promoting activation 
(arrow heads) or inhibition (flat heads). Phosphorylation and dephosphorylation 
events are indicated by p+ and p- respectively. 
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Overexpression of Rntlp-dependent CWI associated genes increases sensitivity to cell wall 
stress 
Since the deletion of RNT1 causes the overexpression of CWI related genes and 
rntlA cells are sensitive to cell wall stress, we hypothesized that this sensitivity might be 
caused at least in part by the overexpression of Rntlp substrates associated with CWI. 
Accordingly, we tested the effect of ectopically overexpressing 6 genes that are normally 
repressed by Rntlp and tested the impact on growth and stress response. The 
overexpression of all 6 genes tested decreased growth under normal conditions when 
compared to wild type cells (Figure 6A). This is consistent with the general reduction in 
growth observed in rntlA cells (Catala et al., 2004). Calculation of the relative growth rates 
of cells overexpressing the different genes indicated that the overexpression of CWI 
pathway associated genes BEM2, SWI4 and SLT2 reduced the growth rate by 2 to 3 folds 
(Figure 6B). Growth defects of cells overexpressing the genes that affect both the Hoglp 
and CWI pathways like HSL1, RLM1 and SIC J resulted in no growth or severe growth 
defects and consequently growth rates were not determined (Figure 6B). This indicates that 
overexpression of any individual Rntlp substrate is sufficient to significantly reduce cell 
growth under normal conditions and suggests that the slow growth observed in rntlA may 
result from the deregulation of the CWI genes. 
To test the impact of overexpressing the different CWI genes on stress response, the 
cells were exposed to different stresses and the impact on growth was monitored. As shown 
in Figure 6C, cells harbouring the empty vector grew normally in different conditions 
except at 37°C in the presence of galactose. In contrast, cells overexpressing Rntlp 
dependent CWI genes were unable to grow in the presence of Congo red except for cells 
overexpressing SWI4 and SLT2. None of the slow growth defects observed in cells over 
expressing CWI genes were rescued by osmo-stabilizers such as NaCl or sorbitol, 
suggesting that the slow growth defects is not strictly due to defect in osmotic pressure 
tolerance but instead due to a global deregulation of the stress response pathway. 
Consistently, all cells overexpressing CWI genes were unable to grow at 37°C except SWI4 
overexpression that reduced but did not block cell growth. These results indicate that 
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overexpression of Rntlp substrates attenuates the response to stress and renders the cells 
sensitive to conditions affecting CWI as seen with rntlà cells. We conclude that selective 
RNA degradation is essential for cell wall stress response and suggest that strict 
surveillance of the expression of the CWI genes is necessary to ensure cell growth under 
normal conditions. 
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FIGURE 6: Overexpression of cell wall stress genes regulated by Rntlp 
causes sensitivity to stress. Wild type cells transformed with plasmids 
expressing BEM2, HSL1, RLM1, SWI4, SIC1 or SLT2 under the control of a 
galactose inducible promoter were grown in synthetic media in presence of 
dextrose or galactose. (A) Growth curves under inducing conditions (galactose). 
(B) The effect of the overexpression on doubling time was calculated as relative 
growth rates for cells grown in galactose with respect to dextrose. Growth rates 
that could not be calculated due to lack of growth were denoted n.d. (C) The 
effect of the overexpression of cell wall stress genes on stress response was 
assayed by comparing the growth in the presence of stress in inducing 
(galactose) and repressing (dextrose) conditions. 
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DISCUSSION 
In budding yeast, activation of the cell wall stress response is associated with 
negative effects on cell cycle progression (Chen and Thorner, 2007). For example, 
activation of MAPKs delays or arrests specific stages of the cell cycle to enable the cells to 
adapt to changes in growth conditions (Harrison et al., 2001; Escoté et al., 2004; Clotet et 
al., 2006). However, to date the links between cell cycle and stress response pathways are 
thought to primarily depend on cascades of protein modifications tightly linked to 
transcriptional controls (Clotet and Posas, 2007). Here we uncover an underlying 
posttranscriptional regulatory network that controls the RNA level of genes placed at the 
interface between the cell cycle and stress response. Deletion of the nuclear dsRNA specific 
ribonuclease gene RNT1 resulted in the overexpression of a majority of the genes in the 
CWI pathway and delayed cell cycle in Gl. Deletion mutations (Figure 3) and genetic 
interaction assays (Figure 4) indicated that Rntlp, whose own expression is stress regulated 
(Figure 4), influences cell integrity by controlling the expression of multiple mRNAs in the 
CWI pathway (Figure 5). In all cases, the RNA degradation signals were found in the 
normal mature mRNA sequence, suggesting that degradation by the nuclear 
endoribonuclease Rntlp is not only a tool for quality control but may also play an 
important role in controlling the expression of conditionally expressed genes. Together the 
results reveal a comprehensive mechanism by which ribonucleases may collaborate with 
transcriptional and posttranslational regulatory factors to ensure rapid response to changes 
in cell environment and link it to cell division. 
Yeast RNase III is essential for cell wall maintenance and not ribosome biogenesis 
Like bacterial RNase in, Rntlp was first discovered as ribosomal RNA processing 
factor (Abou Elela et al., 1996). Consequently, the effects of deleting these enzymes on cell 
growth rates were primarily attributed to defects in ribosome biogenesis (Takiff et al, 
1989). By monitoring the growth pattern of rntlA cell under different conditions, it was 
found that the slow growth rate defect could be partially rescued by increasing the osmotic 
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strength of the growth medium using sorbitol or NaCl (Figure 4A). A resistance to high 
sodium concentration was previously observed but the mechanism leading to this 
phenotype was not explained (Lee et al., 2005). Most interestingly, increasing the osmotic 
strength of the growth medium also rescued the inability of rntlA cells to grow at 37°C, 
suggesting that RNT1 is essential at high temperature because of its contribution to cell wall 
integrity and not rRNA processing. Indeed, the osmotic strength dependent rescue of rntJA 
growth defect was blocked by additional deletions of factors in the CWI pathway like SLT2 
and SW14. Sensitivity to chitin binding agents like Congo red (Figure 4A) and Calcofluor 
white (data not shown) also supports the hypothesis that Rntlp plays a major role in cell 
wall stress response. The notion that the most severe defects of rntJA are not necessarily 
related to ribosome production is supported by the fact that ribosomes formed in rntl A cell 
without processing at the 25S 3' end are not particularly excluded from translation (Ghazal 
and Abou Elela, unpublished observation). The same phenomenon was also observed in 
bacteria where the deletion of RNase III also results in the formation of active ribosomes 
harbouring extended 23S rRNA (King et al., 1984). Moreover, the bacterial RNase III has 
recently been implicated in the regulation of biofilm formation in response to osmotic stress 
through the conditional degradation of mRNA (Sim et ai, 2010). 
Nuclear degradation is an integral component of the gene expression regulatory network 
Regulation of gene expression can occur at any step along the chain of events 
leading to protein synthesis. However, most of the well-studied regulatory networks 
involve transcriptional control coupled to rapid mRNA decay in the cytoplasm. Some of the 
clearest examples of these regulatory pathways may be found in the cell cycle. In this case, 
mRNAs coding for phase specific cyclins (e.g. Clnlp and Cln2p) exhibit very short half 
lives (Schneider et al., 2004), which makes their cell cycle dependent transcription an 
effective measure of gene expression. In this model, the expression cycle is a direct 
outcome of reciprocal transcriptional cycles, while cytoplasmic mRNA degradation 
prevents mRNA from entering unwanted rounds of translation. 
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This work highlights a new mechanism of gene regulation where nuclear mRNA 
degradation of the nascent RNA can trigger conditional RNA decay and hence inhibition of 
gene expression. Traditionally, nuclear RNA degradation was normally seen as a quality 
control mechanism preventing the expression of misfolded or mutated mRNAs (Villa et al, 
2008) or mRNAs that are retained in the nucleus (Kuai et al, 2005). Here we have shown 
that a nuclear ribonuclease can also affect gene expression by degrading normal mRNAs. In 
this case Rntlp was shown to cleave stem-loop structures within the open reading frames 
resulting either in cell cycle specific decrease in the expression, as in the case of HSL1 or a 
constitutive decrease in the level of CWI pathway related mRNAs, like Rom2 or Mkk2. It 
is not clear at the moment how the cell cycle triggers Hsll mRNA degradation. One 
possibility is that this degradation is regulated by a cell cycle-dependent rhythmic 
intranuclear shuttling of Rntlp. It was previously shown that Rntlp shuttles between the 
nucleolus and the nucleoplasm in a cell cycle-dependent manner (Catala et al., 2004). 
Indeed, Rntlp exits the nucleolus to the nucleoplasm at the G2/M phase of the cell cycle, 
when Hsll mRNA is expected to be degraded. It is equally possible that Hsllp may 
autoregulate its own expression by regulating Rntlp activity or localization. Indeed, Rntlp 
has been identified as a phosphorylation target of Hsllp in a proteomic assay but the impact 
of the phosphorylation on Rntlp activity is yet to be determined (Ptacek et al., 2005). 
However, other mechanisms of Rntlp activity regulation could exist since some targets of 
Rntlp (e.g. Rom2 and Mkk2) do not seem to be cell cycle regulated (de Lichtenberg et al., 
2005) and not all targets of Rntlp are kinases. Indeed a cell wall stress such as Congo red 
or heat shock appears to repress Rntlp expression providing a way of controlling the global 
activity of Rntlp in a stress dependent manner (Figure 4C). Whatever is the specific 
mechanism triggering conditional mRNA degradation, it is now clear that nuclear RNA 
degradation is not only a surveillance of RNA quality but also an integral part of the gene 
regulation network. 
Targeted RNA degradation regulates stress response and mediates cell cycle progression 
In this study, we searched for Rntlp substrates associated to the cell cycle to explain 
the enzyme cell cycle dependent localization (Catala et al, 2004) and understand why 
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RNT1 deletion delays cells in Gl. Surprisingly, the two identified mRNAs that were 
directly cleaved by Rntlp in vitro were involved in different steps of the cell cycle but 
shared a common link with the CWI pathway. The proteins coded by Rntlp substrates, 
Swi4p and Hsllp are targets of the cell wall stress MAPKs Slt2p and Hoglp. Indeed, Swi4p 
was shown to bind to Slt2p to activate the transcription of specific stress response related 
genes (Baetz et al, 2001; Kim et al., 2010), while phosphorylation of Hsllp by Hoglp 
arrests cells in G2 to promote cell survival at high osmotic conditions (Clotet et al., 2006). 
Therefore, we hypothesized that Rntlp controls the expression of factors that regulate the 
cell cycle response to cell wall stress explaining why deletion of RNTJ does not cause 
complete cell cycle arrest as in the case of canonical cell cycle factors. Indeed, a search for 
Rntlp substrates related to cell wall stress response identified several new targets in the 
MAPK Slt2p branch and many genes of this pathway were upregulated upon the deletion of 
RNT1 (Figure 5). Examination of the position and relationship of the proteins encoded by 
Rntlp substrates relative to the cell wall integrity network suggests a model where an 
integrated posttranscriptional regulatory network links stress response to cell cycle 
progression (Figure 7). In this model, under normal condition Rntlp will constitutively 
degrade mRNAs coding for stress signalling proteins (e.g. Rom2p and Mkk2p), modulators 
of the activation cascade (e.g. Bem2p), cell wall repair factors (e.g. Gsc2p), and regulators 
of the cell cycle (e.g. Swi4p and Hsllp) to maintain basal expression level that permits cell 
cycle progression. Under stress, like the exposure to heat (illustrated in Figure 7), Rntlp 
cleavage will be inhibited increasing the expression of the stress signals leading to a delay 
in cell cycle and the activation of the cell wall repair machinery. In the absence of RNTJ, 
both inhibitors and activators of the entire stress response pathway including those 
regulating the cell cycle will be overexpressed continually slowing the transition through 
cell cycle and attenuating cell wall repair. Attenuation of cell wall repairs explains the 
hypersensitivity of rntJ A to stress (Figure 4A) and general deregulation in this branch of 
the pathway and the related HOG or high osmolality sensing branch (Figure 5). The 
attenuation of the cell stress pathway in rntlA is not due to the generally sick phenotype of 
these cells since the overexpression of genes regulated by Rntlp in healthy wild type cells 
also leads to the attenuation of stress response (Figure 6). The model illustrated in Figure 7 
is also supported by the fact that shifting RNTJ cells to 37°C increases the expression of the 
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majority of Rntlp substrates and that this temperature dependent increase in expression is 
lost after RNT1 has been deleted. 
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FIGURE 7: Deregulation of RNA stability attenuates cell wall repair. 
Schematic representation of the impact of Rntlp on cell wall integrity (CWI) 
and cell wall (CW) repair factors. Top and bottom panels show the situation in 
presence or absence of RNT1, while left and right panels depict normal growth 
conditions versus presence of cell wall stress (temperature) that causes a 
reduction in Rntlp levels. Genes that are overexpressed relative to wild type 
cells are underlined. Active and inactive pathways are indicated in white and 
gray boxes, respectively. The attenuated pathway, where both inducing and 
repressing signals of cell wall integrity and repair are upregulated is represented 
by boxes with dashed outline. Gene expression levels were determined by 
microarray analysis or Northern blots. Black lines indicate induction (arrow 
heads) or inhibition (flat heads) of RNA expression. Gray lines indicate 
induction (arrow heads) or repression (flat heads) of protein activities. 
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Overall this study provides an example of how posttranscriptional regulation may 
be integrated in a well-structured regulatory network of gene expression. In the case 
presented here, nuclear degradation provides means complementary to transcriptional 
controls allowing rapid and accurate response to stress signals. Unlike transcriptional 
controls, this alternative regulatory mechanism immediately cuts the supply of de novo 
message and as such, rapidly inhibits gene expression regardless of the cytoplasmic 
stability (i.e. half life) of the target mRNA. These features are not only valuable for the 
stress response pathway but are also relevant to other pathways responding to changing 
growth conditions. 
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MATERIALS AND METHODS 
Strains and plasmids 
Yeast strains were grown and manipulated using standard procedures (Guthrie and 
Fink, 1991). Yeast strains used in this study are listed in Table SI. The RNT1 and rntlA 
strains were generated by the replacement of one allele of RNT1 by HIS3 in the LLY36 
diploid strain followed by spore dissection as described in (Brachmann et al., 1998). The 
primers used for the PCR product integration are described in Table S2. GFP-tagged strains 
were purchased fiom Invitrogen and were described in (Huh et al., 2003). Plasmid pEGH-
HSL1 was purchased from Open Biosystems and was described in (Zhu et al., 2001). The 
double and single deletion mutants were obtained from crossing single mutants from the 
Yeast knock out collection obtained from Open Biosystems (Winzeler et al., 1999) with our 
rntlA strain, both derivatives of S288C. Clones isogenic to our rntlA strain were selected 
after spore dissection. 
RNA analysis 
RNA extractions and Northern hybridization were performed as previously 
described (Ge et al., 2005). Cleavage of total RNA was conducted using 50 fig of total 
RNA and 4 pmol of purified Rntlp incubated 20 minutes at 30°C (Lamontagne and Abou 
Elela, 2001). Standard 1% denaturing agarose gels were used to separate 20 |ig of the 
RNAs before transferring on hybond N+ membrane (GE Healthcare, Baie d'Urfe, QC, 
Canada). Hybridization signal from probes generated by random labeling (Feinberg and 
Vogelstein, 1983) of gene specific PCR fragments was quantified using a Phosphorlmager 
(GE Healthcare). Mapping of the cleavage sites were done by primer extension as described 
previously (Ares and Igel, 1990). Rntl mRNA levels were assayed by quantitative RT-PCR 
as described in (Brosseau et al., 2010) using 1 ng cDNA in 10 fil reactions with FastStart 
Universal SYBR Green Master mix (Roche Diagnostics, Laval, QC, Canada). All 
oligonucleotides used in this study are listed in Table S2. 
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Microarray analysis 
RNA extracted from W303-1A (Thomas and Rothstein, 1989) or Arntl (Chanfreau 
et al., 1998) cells grown to an ODÔOO of 0.6 in synthetic complete media at 26°C or 
following a 4 h shift to 37°C was hybridized to yeast S98 Affymetrix Oligoarrays (Santa 
Clara, CA). The microarray experiment was realized and analyzed by Génome Québec 
Innovation Center (Montréal, QC, Canada) with Aflymetrix standard software as described 
in (Ge et al., 2005). 
Search for Rntlp substrates 
Microarray data from (Ge et al., 2005; Lee et al., 2005) and this study were used to 
identify mRNAs overexpressed in absence of RNT1. Rntlp cleavage signals were predicted 
in these mRNAs as described in (Ghazal et al, 2005). Genes with mRNAs overexpressed 
>2°5 in the three data sets with cleavage signal score >0.85 were tested for in vitro cleavage 
of total RNA. 
Microscopy 
Cells grown to log phase in appropriate media were fixed for 10 minutes with 3.7% 
formaldehyde (Sigma-Aldrich Canada, Oakville, ON, Canada) added to the growth media, 
washed in PBS, stained with DAPI (Sigma-Aldrich Canada, Oakville, ON, Canada) and 
spotted on slides. Observations for quantification were made on an Olympus DC-70 
microscope (Olympus Canada, Markham, ON, Canada) with 100x/1.35 oil objective. 
Cellular signal above background was quantified from pictures at the focal plane using the 
AxioVision software (Carl Zeiss Canada, Toronto, ON, Canada) by subtracting the 
surrounding background to the signal density (gray levels per pixel) of the cell. 
Observations for live cell imaging were made using a Zeiss Axio Observer microscope 
(Carl Zeiss Canada) with 100x/1.46 oil objective. Cells were spotted on slabs of agarose 
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containing growth media and GFP was excited with a 488 irai LED using the Colibri 
system (Carl Zeiss Canada). 
DNA content analysis 
Cells grown to log phase and fixed overnight at 4°C in 75% ethanol were prepared 
for flow cytometry analysis by propidium iodide staining as described before (Catala et al., 
2004). In general 10 000 cells were scored in a FACScan (Becton Dickinson, Mississauga, 
ON, Canada). 
Growth assays 
Cells grown to log phase in rich media at 26°C were used to inoculate 100 |il 
cultures in 96 well plates as described previously (Toussaint et al., 2006). The cultures 
were incubated at the appropriate temperature with shaking in a PowerWave microplate 
scanning spectrophotometer (Bio-Tek, Winooski, VT) and the absorbance at 600 nm was 
read every 10 minutes for 80 hours. Doubling times for each growth condition were 
calculated as explained in (Toussaint et al., 2006) and compared to growth in rich media at 
26°C. For the genetic interaction analysis, the same procedure was followed for all single 
and double mutants. Growth of the different strains was evaluated relative to RNTI strain 
growing under the same condition. The expected additive growth defects were estimated 
for each double mutant by multiplying the relative growth rates of the single mutants 
(Dixon et al., 2009). A synthetic sickness phenotype was scored when the actual relative 
growth rate of a double mutant was lower than the expected value by more than 1 standard 
deviation. All growth assays were performed in duplicates for two independent clones. 
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TABLE SI. Strains used in this study. 
Strains Genotype Source 
LLY36 MATsJa lys2A0Hys2A0 ura3A0/ura3A0 
his3A200/his3A200 leu2A0/leu2A0 
RNT1 MAT* lys2A0 ura3A0 his3A200 leu2A0 
rntlA MATa lys2A0 ura3A0 his3A200 leu2A0 rntlA::HIS3 
HSL1-GFP MA Ta his3Al leu2A0 metlSAO ura3A0 HSL1-
GFP: :HIS3MX6 
SWI4-GFP MATu his3Al leu2A0 met 15AO ura3A0 SWI4-
GFP: .HIS3MX6 
?g*u-BEM2 MATa lys2A0 ura3A0 his3A200 leu2A0 [pBGl 805-
BEM2]a 
Pô»n-HSLl MA 7a lys2AO ura3A0 his3A200 leu2A0 [pEGH-HSLl]a 
Poaii-RLM1 MAT* lys2A0 ura3A0 his3A200 leu2A0 [p BG1805-
RLM1]8 
PGaiiSIC1 MATtk lys2A0 ura3A0 his3A200 leu2A0 [p BG1805-
SlClf 
Pcaii-SLT2 MATa lys2A0 ura3A0 his3A200 leu2A0 [p BG1805-
SLT2]a 
?g*u-SWI4 MATa lys2A0 ura3A0 his3A200 leu2A0 [pEGH-SWI4]a 
barlA MA Ta lys2A0 ura3A0 his3A200 leu2A0 barlA: :KANMX 
barlA rntlA MATa lys2A0 ura3A0 his3A200 leu2A0 barlA::KANMX 
rntlA::HIS3 
bckl A MATa lys2A0 ura3A0 his3A200 leu2A0 bcklA::KANMX 



















hogl A MATa lys2A0 ura3A0 his3A200 leu2A0 This study 
hoglA::KANMX 
hogl A rntlA MATa lys2A0 ura3A0 his3A200 leu2A0 This study 
hoglA::KANMX rntlA::HIS3 
hsllA MATalys2A0ura3A0his3A200leu2A0hsllA::KANMX This study 
hsllA rntlA MA Ta lys2A0 ura3A0 his3A200 leu2A0 hsllA: :KANMX This study 
rntlA::HIS3 
mkklA MA Ta lys2A0 ura3A0 his3A200 leu2A0 This study 
mkkl A: :KANMX 
mkklA rntlA MATa lys2A0 ura3A0 his3A200 leu2A0 This study 
mkkl A: :KANMX rntl A: :HIS3 
mkk2A MATa lys2A0 ura3A0 his3A200 leu2A0 This study 
mkk2A::KANMX 
mkk2ArntlA MATa. lys2AO ura3A0 his3A200 leu2A0 This study 
mkk2A::KANMXrntlA::HIS3 
rlmlA MATa lys2A0 ura3A0 his3A200 leu2A0 rlmlAr.KANMX This study 
rlmlArntlA MATa lys2A0 ura3A0 his3A200 leu2A0rlmlA::KANMX This study 
rntlA::HIS3 
slt2A MATa lys2A0 ura3A0 his3A200 leu2A0 slt2A::KANMX This study 
sit2A rntlA MATa lys2A0 ura3A0 his3A200 leu2A0 slt2A::KANMX This study 
rntlA::HIS3 
swi4A MATa lys2A0 ura3A0 his3A200 leu2A0 swi4A::KANMX This study 
swi4A rntlA MATa lys2A0 ura3A0 his3A200 leu2A0 swi4A::KANMX This study 
rntlA::HIS3 
* Plasmids bought from Open Biosystems and transformed into the RNTl strain. 
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HSL1 For 3' 
HSL1 Rev 3' 
SWI4 For 3' 











5 ' -GCTAAAG AAAATC AATGC AAGTTCC ATC ATGGTTGTGTAA 
AAGGAACGTTCTGTGCGGTATTTCACACCG 
5 ' -TATCCG AGG AATCTTCTC AA 
5 '-CGCTTCTTCAACTTCAACAT 
5 ' -TTGGAATCGCCTTCTTCCCTTC 
5 '-GGTTGTGTCGACTTATGCGTTTGCCCTCAAATCC 
5 ' -ATGTTTAGAGGTTGCTGCTT 
5'-AGAGAGAAACCAGCGTAAAT 
5 ' - ATCTCTTC AGTAGTCTCTCTGG 
5'-TAGATTGATTCAGCTTTTTCCTCC 
5 ' -TTAAG AAAGCTTGCC AAACCTGTC ATTG AGG 
5'-CAACTATGGAATTAGGATCAACTGCAGTGGG 
5 ' -CAATGGATTCTGAGGTTGCTGCTTTG 
5 ' -CTTGGTCTACCGACGATAGATGGG 
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Table S3: Screen for cell cycle related mRNA substrates of Rntlp. 
Fold Fold Ova fif« FoidChing* Foid Ouoj* FoidOunte MdOvinf* FoldOuint* FoidOuag» 
Change An*i Zex/HHTI ûmtl 26X/MTJ 4nttj »X/ami HffTl STXJKNTi ÂmU TTZ/HNTl àrmJ irc/Amtt 3TX/*#J1 ^^nctWRC Predicted loop 
w jrc" »f ire? »f mx' »x' ire' sW 
i-7 •••ÉÉHHI 138 i™w *<" mmm «—g 
1.5 1.23 |^ H| 091 L34 YES SHH 
i.« an WKBÊÊÊÊ 940 rlfVtfflni 
NO 1.14 9HH NO a 78 
075 ^ &7S 
1-Q2 fflRHHH no 
NO 1.32 NO a 73 
a97 flHHHMI no aw 
t« *-<* 1-25 NO a*3 
no 103j|h^hh 1.09 WÊSKÊKSt NO a46 
no 1.35 |^ ^H||H| . LIS 9|^ HH 1.01 135 NO 0.72 
no 1.34 093 jhhmhbi no 0.83 
no 1.30 L3° ïf a86 NO 0.79 
no 1.01 1.32 1.11 IHEBHBff 0.84 NO 083 



























































































Atvtl Hx/um tn vitro CtiiM|«' 
CLB3 NO 1.02 ffp 
TAH1I ND 102 091 3 
MCM4 ND 1.11 0.77 j 
C0C7 ND 0.90 105 
PPH22 ND 103 112 
DBF4 ND 127 094 
cmi ND 107 108 
MA02 ND 0.85 111 
COC27 NO 124 1.31 
smc1 ND 115 
CDC20 NO 0.71 100 
YCS4 ND 121 086 
CLB5 NO 129 116 . 
APC5 NO 136 0.77 
RFX1 ND 131 117 
PH085 ND 0.97 1.27 
YCG1 ND 125 m x *  
C0C4 ND 1.32 106 
CYC8 ND 0.83 1.10 
MCD1 ND 0.77 0.97 
WH)5 ND msmmmmmm 
ORC5 ND 114 0.88 
CDC14 ND 1.01 0.93 
CHK1 NO 0.75 
ORC4 NO 140 1.10 
TEM1 ND 139 0.95 
CLB2 NO 0-72 m HÈKffî 
08F20 ND 0.75 0.96 
CDC5 NO 087 0.72 
MPS1 ND 1.09 0.98 
SMC3 ND o.» mmxm 
CKS1 NO 0.74 098 
SP012 ND 0.88 1.31 
NET1 ND a&6 0.78 
DOC1 NO 107 
SKP1 ND 138 0.95 
M0B1 ND 0.99 132 
MCM1 ND 105 126 
SWHS NO 141 102 
MCM6 NO 0.96 105 
PH04 NO 0.95 
APC11 ND 107 0.71 
RA09 NO 0.85 0.99 
MCM7 ND 
MOMS ND 100 0.72 
ORC2 ND 097 082 
tun ND 108 
Fold Cuw FoldCna 
Atntl HX/KNT3 
yen? 











































































































075 088 NO 
0.93 126 NO 
0.97  ^ 082 NO 
H 099 NO 
094 074 NO 
a 76 088 NO 
0.79 103 NO 
110 081 NO 
0.92 136 NO 
092 092 NO 
075 m 4 r  NO 
087 120 NO 
0.93 1.01 NO 
072 0.81 NO 
0.92 0.90 NO 
0.87 086 NO 
076 NO 
100 0-76 NO 
095 0.84 NO 
097 0.87 NO 
0.83 0.88 NO 
113 NO 
105 0.78 NO 
097 0.88 NO 
10(2 0.82 NO 
1.03 111 NO 
097 074 NO 
1.06 105 1.20 NO 
104 106 1.26 NO 
1.04 1.06 090 NO 
0.96 100 106 NO 
0.99 1.04 0.81 NO 
0.78 0.83 1.08 NO 
095 1.02 108 NO 
103 116 076 NO 
076 0.90 NO 
0.84 1.00 * >MF & 1 NO 
0.92 110 092 NO 




feid foldOiaflf» Md0un|t fotiOwift Fold Ctwnf* Fold ChM|t MdOungi Fold Om rig* 
Khanjt AinU&X/mm AnVl 2VC/RMT1 ân*l ZtX/Mtm ftWTJ iTCf&NTl àntl 17X/MM71 Art*l frxjAntl Amtl STX/HMT1 In mtm Cittmpt' **dieted loop 
m* let " arc' irtf arc «rc' xx* ire" sco*-
no 0.93 0.99 0j1 129 0.85 ijfc no 0-71 
no i-oo a96 aao aw 093 tie io« no aa2 
a Fotd change as delected by Northern blot analysis and calculated relative to the loading control (Act! mRNA) 
b Fold change detected by (Lee et al.. 2005) mkroarray at permissive termperature 
c Fold change detected In this study by mlcroarray at permissive termperature 
d Fold change detected by (Ge et al.» 2005) mlcroarray at permissive termperature _ 
e, f and g Fold change detected in this study by mkroarray at permissive and restrictive termperature 
h Fotd change detected in this study by miaoarray at restrictive termperature 
i In rttro deavage was performed using recombinant enzyme as described in the material and methods 
i Potential ftntlp deavage site (N6NN stem-loop structure) were identified In stlko as described by (Ghazat et al., 2005) 
and structure with the highest score (potential for deavage) are indicated 
k Gene functions as described In the yeast database (SGO, http://www.yeastgenome.org/). 
Cell highlighted in magenta indicated fold Increase greater than 2as 
Cell highlighted In green Indicated fold decrease greaterthan 2ftS 
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Table S4: Screen for stress related mRNA substrates of Rntlp. 
6*n« F^id Ch»n§« Otanfr Fold FoidChaitf* FoSdOunft rojd Ching* fold Change 1tomt o«f*t« imo MV>wn Aflifj wtyawn **2 wt/*wn nwn srt/jwn Amu irç/A#rj #*1 irtftmi tmi jrç/awn «wef1*!»#' Pw<fc<a*4 mop 



















































6* A* F<*d Fold Chant* Fold Chanf* Foid Chang* Fold Qiaflfi Fold Chance (oJddunfli Fold Onnfi 
*wUoCira< Name Otange aentl 2ffV**rj àtrnl HKJUMTl *»T1 iTVXNTl Arrtl irxJnHTl àrntl TTCjàmtl &na irc/ewri 
MS* art * 2V<? 26*C 2Vt' X X *  3TC" 
HOG1 NO 0.90 1.09 1.34 a 76 1.32 a98 1 mmmmm NO 
SKOl NO 1.22 1.17 1.32 122 093 immmei ' a 77 NO 
PTC2 ND [ in 125 a96 1.06 0.85 1.08 YES 
STEM NO 1.06 0.83 1.21 127 130 107 103 NO 
SKN7 NO am 123 120 i »« a 8i NO 
SSK2 ND 1.02 manst 1.18 1.01 1.14 a97 1.13 NO 
ftHOl NO 1.21 1.10 117 0.94 118 101 125 NO 
FKSX 1 0.97 1.35 1.04 a93 1.20 1.15 128 YES 
MCM1 NO 105 1.26 0.98 116 1.04 106 0.90 NO 
SWt6 ND 1.41 102 0,97 0.91 0.96 1.00 106 NO 
LRG1 NO 0.74 0.72 0.95 I 0.81 0.85 135 NO 
COC42 ND 0.84 mm 0.94 0.86 0.88 0.95 1.05 NO 
a Fold change u detected by Northern btot analysis and calculated relative to the loading control (Actl mRNA) 
b Fold change detected by (Lee et al., 2005) mioroaiTay at permissive termperature 
c Fold change detected in tMs study by microarray at permissive termperature 
d Fold change detected by (Ge et al., 2006) microarray at permissive termperature 
e, f and g Fold change detected in this study by microarray at permits!ve and restrictive termperature 
h Fold change detected in this study by microarray at restrictive termperature 
i In vitro deavage was performed using recombinant enzyme as described in the material and methods 
j Potential Rntlp deavage sita (NGNN stem-loop structure) were identified In silico as described by (Ghazal et al., 2005) 
and struct we with the highest score (potential for deavage) are indicated 
k Gene functions as described In the yeast database (SGO. http://www.yeastgen0me.0fv/). 
Cell highlighted In magenta indicated fold increase greater than 20i 












Figure SI. RNTl genetically interacts with genes that bridge the HOG and 
CWI pathways. Lines represent negative genetic interactions reported in the 
littérature and gathered from BioGrid (data as of march 2011) or uncovered in 
this study. Interaction with RNTl and interactions between genes of both 
pathways are shown in darker red. 
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DISCUSSION 
1. Fonctions catalytiques et non-catalytiques de la RNase m de la levure 
Les premiers essais génétiques catégorisèrent le gène RNT1 comme gène essentiel 
(Abou Elela et al., 1996). Il fut, par la suite, démontré que la levure pouvait croître 
lentement à basse température en absence de RNT1 (Chanfreau et al., 1998). Mes travaux 
ont débuté par l'analyse des phénotypes associés à l'absence de Rntlp. J'ai démontré que le 
ralentissement de croissance était associé à une accumulation de cellules en phase G1 et 
qu'une partie de ces cellules, bien que métaboliquement actives, ne se divisaient pas. La 
phase G2/M est également retardée en rntlA et ce délai est occasioné par un problème 
d'attachement des microtubules aux extrémités de la cellule ce qui résulte en des défauts de 
séparation du matériel génétique. Dans l'étude des causes de ces défauts, un mutant 
catalytique de Rntlp, capable de lier l'ARNdb mais pas de le cliver, fut testé, démontrant 
que les défauts associés aux problèmes de microtubules et de délai en G1 étaient 
indépendants de l'activité catalytique de Rntlp (Catala et al., 2004). Rntlp possède donc à 
la fois une activité catalytique de clivage d'ARNdb et une ou plusieurs activités non-
catalytiques. 
1.1 Interaction avec les microtubules 
En absence de Rntlp, les microtubules prennent plus de temps à trouver leurs points 
d'ancrage aux pôles du bourgeon et de la cellule-mère afin de permettre la séparation des 
chromosomes. Le mécanisme moléculaire par lequel ce problème survient est encore 
inconnu, toutefois nous savons que l'activité catalytique de Rntlp n'est pas nécessaire 
puisque la présence d'un mutant catalytique de Rntlp permet de restaurer cette fonction 
(Catala et al., 2004). Un cribblage double-hybride réalisé au laboratoire pour identifier des 
protéines pouvant interagir physiquement avec Rntlp (Tremblay et Abou Elela, 2002) avait 
identifié les protéines associées aux microtubules Biklp et Bimlp (Blake-Hodek et al., 
2010) ainsi que les composantes du SPB (spindle pole body) Spc72p et Tub4p (Helfant, 
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2002). Il serait possible que l'interaction de Rntlp avec une ou plusieurs de ces protéines 
soit importante pour cette étape d'assemblage du fuseau mitotique et la division appropriée 
du matériel génétique. Il a aussi été mis en évidence que l'absence d'une RNase III de S. 
pombe causait des défauts de ségrégation chromosomique (Provost et al., 2002). 
1.2. Effet sur la croissance à température élevée 
Depuis le début de la caractérisation des levures rntlA, il avait été observé que ces 
cellules étaient sensible à la température. De fait, en absence de RNT1, les levures peuvent 
croître à des températures allant jusqu'à 30°C, mais pas à 37°C (Chanfireau et al., 1998). 
L'étude de l'impact de la délétion de RNT1 sur la réponse au stress a mené à la découverte 
que le phénotype de perte de croissance à température élevée pouvait être secouru par 
l'ajout de stabilisant osmotique (Catala et al., 2011). Ainsi, ce problème de croissance serait 
attribué à la perte de fonction de Rntlp dans la régulation de la voie de réponse au stress 
des parois plutôt qu'à son rôle dans la maturation de l'ARNr. 
1.3. Rôle de terminaison des ARN Pol I et Pol II 
La terminaison du transcrit primaire de l'ARNr se produit généralement à un site de 
liaison de la protéine Reblp se trouvant 93 nucléotides en aval du site mature de l'ARNr 
25S. Les travaux du laboratoire Proudfoot ont montré qu'en absence de Rntlp ou de 
Rpal2p (une sous-unité de l'ARN pol I), on pouvait détecter par essai d'élongation de 
transcription TRO (transcription run on) de la transcription par l'ARN pol I en aval du site 
de terminaison classique (Prescott et al., 2004). Mes travaux ont par la suite montré que 
Rntlp et Rpal2p interagissaient physiquement. Par essai de protection contre la RNase, des 
transcrits se prolongeant en aval du site de terminaison classique de l'ARN pol I sont 
observés en rntlA (Catala et al., 2008), mais pas en rpal2A (Braglia et al., 2010). Rntlp est 
donc impliqué au niveau de la terminaison de l'ARN pol I via son activité de clivage de son 
substrat se trouvant à 20 nucléotides de l'extrémité 3' du 25 S mature. Cette coupure procure 
un point d'entrée pour l'exonucléase 5-3' Ratlp qui poursuivra l'ARN pol I et provoquera la 
terminaison de la transcription et le relâchement de la polymérase selon le modèle torpille 
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(Kawauchi et al., 2008). Un mécanisme similaire implique Rntlp dans un processus de 
terminaison alternative de plusieurs transcrits de l'ARN pol II (Ghazal et al., 2009) et serait 
aussi conservé chez S. pombe (Nabavi et Nazar, 2010). 
1.4. Régulation de la transcription 
En plus de jouer un rôle dans la maturation et la terminaison de la transcription du 
transcrit primaire de l'ARNr, Rntlp influence aussi sa transcription. En absence de Rntlp, 
une diminution du taux de transcription a été démontrée par essai d'incorporation de 
phosphate radioactif dans le transcrit primaire de l'ARNr (Catala et al., 2008). Le 
mécanisme par lequel cette réduction de transcription se produit reste toujours à découvrir, 
mais pourrait être lié à la perte d'interaction entre Rntlp et l'ARN pol I. Une collaboration 
avec le laboratoire Conconi nous a permis de découvrir un changement au niveau de la 
structure de la chromatine de l'ADNr lors de la perte de Rntlp. De manière générale, près 
de la moitié seulement des répétitions d'ADNr sont utilisées pour la synthèse d'ARNr. Cette 
proportion varie selon les conditions de croissance et le nombre total de répétitions d'ADNr 
présentes dans le génome (Dammann et al., 1993; French et al., 2003). La distinction entre 
les copies "ouvertes" et "fermées" d'ADNr est traditionnellement faite par deux méthodes. 
Dans la première méthode, la densité de nucléosomes sur les copies d'ADNr est évaluée par 
l'accessibilité d'un agent intercalant, le psoralène. Le pontage de cet agent à l'ADN cause un 
retard de migration sur gel permettant de distinguer l'ADN "ouvert" de l'ADN "fermé" 
(Toussaint et al., 2005). La deuxième méthode consiste à l'analyse par microscopie 
électronique de l'ADNr. Les répétitions d'ADNr se trouvant toutes les unes à la suite des 
autres, il est possible de compter directement le nombre de copies transcrites (French et al., 
2003) ou encore de procéder à un pontage au psoralène et de visualiser la présence de 
bulles non-pontées correspondant à la position des nucléosomes (Toussaint et al., 200S). En 
absence de Rntlp, malgré le ralentissement de croissance et la réduction de la synthèse de 
l'ARNr, une réduction de la densité nucléosomale au niveau de l'ADNr a été observée par 
essai de retardement sur gel suite à un pontage au psoralène de la chromatine (Catala et al., 
2008). On peut prédire une plus faible densité de polymérase sur un plus grand nombre de 
copies d'ADNr pour réconcilier ces deux résultats. L'analyse par microscopie électronique 
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de l'ADNr de rntl A permettrait de répondre à cette question en rendant possible d'évaluer 
directement la densité d'ARN pol I sur l'ADNr. 
2. Régulation conditionnelle de l'activité de la RNase m de la levure 
La découverte de substrats ARNm de Rntlp a soulevé une nouvelle question au 
sujet de la régulation de son activité. Alors que les substrats clivés pour fin de maturation, 
notament le pré-ARNr, sont généralement clivés dans leur totalité par Rntlp (Abou Elela et 
al., 1996), les ARNm possédant une structure reconnue par Rntlp en leur sein ne le sont 
clairement pas totalement (Ge et al., 2005; Larose et al., 2007; Catala et al., 2011). Le cas 
échéant, les transcrits complets seraient indétectables en présence de Rntlp. Ainsi, il 
apparait que Rntlp traite différement ses deux types de substrat en fonction du but de ce 
clivage, soit pour maturation ou pour dégradation. On n'a toujours pas de réponse claire à 
cette question, toutefois différents travaux réalisés à notre laboratoire proposent des pistes à 
suivre. 
2.1. Recrutement au site de transcription 
Une méthode par laquelle on peut favoriser la rencontre de Rntlp et de son substrat 
consiste à recruter Rntlp au site de transcription. De cette manière, Rntlp pourrait cliver de 
manière co-transcriptionnelle son substrat alors même qu'il est synthétisé. Mes travaux ont 
montré que Rntlp interagissait directement avec l'ARN pol I (Catala et al., 2008) et que la 
localisation de Rntlp au site de synthèse de l'ARNr, le nucléole, requérait l'activité 
transcriptionnelle de l'ARN pol I (Catala et al., 2004). Pendant ce temps, un autre groupe 
avait identifié la présence de Rntlp au locus d'ADNr par immunoprécipitation de la 
chromatine (Henras et al., 2004). Dans le cas particulier du substrat de Rntlp présent à 
l'extrémité 3' du transcrit primaire de l'ARNr, qui est produit à environ 2000 copies par 
minute à partir de sites multiples (Warner, 1999), la présence de Rntlp en complexe avec 
l'ARN pol I semble assurer le clivage de la totalité des transcrits produits. Pour supporter 
cette idée, on a remarqué chez des mutants de Rntlp qui perdent l'interaction avec la 
polymérase des défauts de maturation de l'ARNr (Catala et al., 2008). 
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Pour le cas des ARN transcrits par l'ARN pol II, il existe aussi des raisons de croire 
que le clivage pourrait se produire de manière co-transcriptionnelle. Par 
immunoprécipitation de la chromatine, Rntlp a été montré comme étant présent au site de 
transcription de ses substrats (Ghazal et al., 2009). De plus, un cribblage double hybride a 
identifié plusieurs facteurs de transcription pouvant interagir physiquement avec Rntlp 
(Tremblay et Abou Elela, 2002). Parmi les facteurs de transcription identifiés, on retrouve 
entre autre Skn7p et Msnlp qui sont tous deux impliqués dans la régulation de gènes de 
réponse au stress (Chen et Thorner, 2007). Rntlp pourrait être de cette manière recruté au 
promoteur de gènes spécifiques de manière dépendante à la liaison à un de ces facteurs de 
transcription. Par la suite, en interagissant directement avec l'ARN pol II (Ghazal et Abou 
Elela, 2009) comme il le fait avec l'ARN pol I, Rntlp serait amené au site de transcription 
de ses substrats. Ceci pourrait expliquer que l'on retrouve Rntlp tout le long de la 
chromatine des gènes codants pour certains de ses substrats et non seulement au promoteur 
ou près du site de clivage (Ghazal et al., 2009). 
2.2. Localisation 
La présence de Rntlp dans le même compartiment que son substrat pourrait être une 
autre manière de réguler son activité envers ses substrats. En effet, mes travaux ont permis 
de démontrer que la localisation de Rntlp changeait au cours du cycle cellulaire. Rntlp est 
majoritairement au nucléole durant les phases G1 et S du cycle cellulaire et se répand au 
nucléoplasme en G2/M (Catala et al., 2004). Pour trois substrats de Rntlp, par exemple 
Estl, Hsll et Swi4, les ARNm étaient déjà connus pour être exprimés de manière 
dépendante du cycle cellulaire avec des pics d'expression soit en G1 ou en S et une 
régulation négative en G2/M (Spellman et al., 1998). Dans le cas de Estl, il a été montré 
qu'un mutant de la structure de la tige-boucle de Estl ne pouvant plus être clivé par Rntlp 
stabilisait l'ARNm durant le cycle cellulaire (Larose et al., 2007). Pour Hsll et Swi4, l'effet 
a été observé sur l'accumulation de leurs protéines respectives en absence de Rntlp (Catala 
et al., 2011). 
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2.3. Phosphorylation 
Une étude publiée en 2005 a cherchée à identifier toutes les cibles de près d'une 
centaine de kinases parmi un ensemble de plus de 4000 protéines de la levure (Ptacek et al., 
2005). Cette étude a relevé 8 kinases qui pouvaient phosphoryler Rntlp en essai in vitro. 
L'activité et la localisation de Rntlp pourraient être régulées par son état de 
phosphorylation. Les rôles connus des kinases identifiées dans cette étude suggèrent qu'il 
serait possible que la phosphorylation de Rntlp se produise aussi in vivo puisque ces 
kinases sont surtout impliquées dans la régulation du cycle cellulaire ou de la réponse au 
stress, comme c'est le cas de Hsllp dont l'ARNm est en plus lui-même régulé par Rntlp. De 
plus, en utilisant des programmes de prédiction de site de phosphorylation tel que Predikin 
(Saunders et Kobe, 2008), on retrouve la plus grande concentration de sites potentiels près 
du signal de localisation nucléaire de l'extrémité C-terminale de Rntlp ainsi que dans le 
domaine de liaison à l'ARNdb (Figure 1A). En plaçant les sites potentiellement 
phosphorylés par ces kinases sur un modèle de Rntlp, on constate que la sérine 228, qui 
pourrait être phosphorylée par les kinases Ksslp, Mcklp et Rcklp, se situe tout près du site 
de catalyse (Figure 1B). La sérine 382, qui pourrait être phosphorylée par les kinases 
Ksplp, Ksslp et Mcklp, se trouve quant à elle dans la séquence reliant l'hélice al et le 
feuillet pi du domaine de liaison à l'ARNdb. La sérine 400, qui pourrait être phosphorylée 
par les kinases Ksslp, Mcklp et Rcklp, se trouve au début du feuillet 02 du domaine de 
liaison à l'ARNdb (Figure 1C). La position de ces résidus suggère des rôles pour la 
phosphorylation dans la régulation de la localisation de Rntlp, dans son activité catalytique 
ou son interaction avec l'ARN. La confirmation de l'utilisation in vivo de ces sites de 
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Figure 1: Sites potentieb de phosphorylation de Rntlp. Les sites de 
phosophorylation ont été prédits par Predikin (http://predikin.biosci.uq.edu.au/) 
sur les sérines et threonines de Rntlp pour les kinases identifiées in vitro 
comme ayant une activité envers Rntlp. (A) Les positions des acides aminés de 
Rntlp potentiellement phosphorylés sont notées et un code de couleur identifie 
les domaines de Rntlp (bleu pour N-terminal, rouge pour domaine nucléase, 
vert pour domaine de liaison à l'ARNdb et jaune pour l'extension C-terminale). 
(B) Modélisation des domaines nucléase (rouge) et de liaison à l'ARNdb (vert) 
de Rntlp en interaction avec un substrat tige-boucle par superposition avec la 
structure de la RNase 111 d'A. aeolicus avec son substrat (Gan et al., 2006). Les 
quatre résidus acides essentiels à l'activité catalytique sont montrés en jaune et 
la sérine 228 potentiellement phosphorylée est en noir. (C) Les deux résidus 
sérine 382 et sérine 400 du domaine de Iaison à l'ARNdb sont montrés en noir. 
Le modèle a gracieusement été fourni par Mathieu Lavoie. 
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2.4. Protéines chaperonnes 
Une autre méthode par laquelle l'activité de Rntlp peut être régulée est par 
l'interaction avec d'autres protéines. Soit l'interaction physique entre Rntlp et un régulateur 
pourrait moduler son activité, soit la liaison d'une protéine chaperonne à un substrat 
pourrait favoriser le repliement de l'ARN dans une conformation promouvant ou empêchant 
le clivage par Rntlp. Un exemple dans la littérature a suggéré ce mécanisme pour la 
maturation de snR18 par Rntlp qui serait dépendante de la présence de la protéine 
nucléolaire Noplp (Giorgi et al., 2001). Cette voie de régulation possible de l'activité de 
Rntlp sera aussi intéressante à approfondir sachant que les RNases III impliquées dans 
l'ARNi voient elles aussi leur activité régulée par la liaison de chaperonnes (Siomi et Siomi, 
2009). 
2.5. Nature du substrat 
Une dernière méthode par laquelle l'activité de Rntlp peut être régulée se situe au 
niveau même de son substrat. La nature du substrat influence l'efficacité de liaison et de 
clivage de Rntlp in vitro. Un pan du travail réalisé dans notre laboratoire a démontré la 
présence de boîtes de liaison et de clivage importantes pour l'efficacité de l'enzyme envers 
son substrat (Lamontagne et al., 2003; Ghazal et Abou Elela, 2006; Lavoie et Abou Elela, 
2008). Ainsi deux substrats, de par leurs différences de séquence, adopteront des structures 
tri-dimensionnelles différentes et interagiront différemment avec Rntlp. 
3. La dégradation nucléaire des ARNm pour leur régulation 
Les travaux réalisés dans notre laboratoire proposent la présence d'un mécanisme de 
régulation nucléaire des niveaux d'ARNm (Ge et al., 2005; Larose et al., 2007; Catala et al., 
2011). Le clivage par l'endoribonucléase Rntlp génère deux nouvelles extrémités à 
l'ARNm qui ne sont protégées ni par une coiffe 5' ni par une queue de polyA et sont donc 
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accessibles pour une dégradation rapide par les exonucléases nucléaires. Ce mécanisme 
permet d'éliminer à la source les nouveaux ARNm avant qu'ils ne quittent le noyau et aient 
la possibilité d'être traduits. Cette étape de régulation s'ajoute à la régulation 
transcriptionnelle et post-transcriptionnelle parmi les outils disponibles à la cellule pour 
réguler l'expression de ses gènes. 
Parmi les cibles de Rntlp identifiées, on retrouve les ARNm de plusieurs gènes 
impliqués dans la réponse au stress (Catala et al., 2011). Dans ce cas précis, il apparaît que 
Rntlp jouerait un rôle dans le maintien du niveau basai de ces ARNm. L'expression de la 
plupart des substrats de Rntlp dans cette voie se trouve induite en réponse aux stimulis. En 
absence de Rntlp, ces gènes sont surexprimés continuellement et la réponse aux stress tels 
que les agents perturbant la synthèse des parois ou la haute température devient inefficace. 
L'augmentation rapide des niveaux de ces gènes en réponse au stress est importante pour 
réagir adéquatement à l'assaut. La transcription continuelle couplée à la dégradation d'une 
partie des transcrits permettrait de garder ces gènes dans un état transcriptionnellement actif 
tout en conservant un faible niveau d'expression en condition normale. En réponse au 
stress, le clivage cesse, et une augmentation rapide de ces transcrits peut s'effectuer. Un 
autre exemple est observé dans le cas de la régulation de l'ARNm Mig2 par Rntlp. Mig2p 
est un répresseur transcriptionnel activé en présence de glucose et réprimé en son absence. 
Dans ce cas aussi, une augmentation du niveau de l'ARNm Mig2 est notée en absence de 
Rntlp et la répression de cet ARNm suite à la déplétion du glucose est retardée (Ge et al., 
2005). Dans ces deux exemples, Rntlp est impliqué dans la régulation de gènes 
conditionnelement exprimés et contribue à maintenir leurs niveaux bas en condition 
normale. Un troisième exemple consiste au clivage de l'ARNm Estl par Rntlp. Estlp est 
une composante de la télomérase qui est requise en phase S du cycle cellulaire pour 
allonger les extrémités des chromosomes. Son ARNm est exprimé de manière cyclique en 
phase S et Rntlp pourrait contribuer à sa dégradation en phase G2 (Larose et al., 2007) au 
moment où la localisation de Rntlp devient majoritairement nucléoplasmique (Catala et al., 
2004). 
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Deux autres publications relatent la régulation d'ARNm par Rntlp. Dans les deux 
cas, il s'agit d'ARNm conditionnellement exprimés. Dans un cas, l'ARNm Adil codant pour 
une enzyme impliquée dans le métabolisme de la méthionine est régulé par Rntlp. (Zer et 
Chanfreau, 2005). Dans l'autre cas, les substrats identifiés sont impliqués dans la réponse 
au manque de fer (Lee et al., 2005). Tout comme nous avons observé que les cellules rntlA 
étaient hypersensibles au stress des parois, Lee et ses collègues ont démontré que les 
cellules rntlA étaient hypersensibles à un excès de fer. Voilà donc deux exemples où Rntlp 
joue un rôle de régulateur négatif de gènes impliqués dans des voies de réponse au stress et 
dont la perte de ce point de contrôle cause une sensibilité à ce stress. 
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CONCLUSIONS 
Une seule RNase III existe chez la levure S. cerevisiae, Rntlp. Au début des travaux 
présentés dans cette thèse, cet enzyme avait pour unique fonction connue la maturation 
d'ARNnc tels que les précurseurs d'ARNr, d'ARNpn et d'ARNpnu. De plus, on savait que 
son orthologue bactérien chez E. coli s'occupait de cliver des ARNdb présents aussi bien 
dans le précurseur d'ARNr que dans des ARNm, y compris son propre ARNm. Le début 
des années 2000 a connu la montée du phénomène ARNi. De nombreuses fonctions ont été 
attribuées aux RNases III impliquées dans ce mécanisme de régulation des gènes. Bien que 
la machinerie d'ARNi soit inexistante chez S. cerevisiae, Rntlp constitue un modèle 
intéressant pour étudier les rôles et la régulation des RNases III de par sa simplicité 
structurelle et sa présence dans un organisme modèle eucaryote. 
Nos travaux ont portés à la compréhension des rôles cellulaires de Rntlp dans la 
levure. En utilisant une approche basée sur l'étude des phénotypes associés à la délétion de 
RNT1, nous avons identifié: 1) un rôle non catalytique de cet enzyme dans la progression 
du cycle cellulaire; 2) un rôle dans la régulation de la transcription par l'ARN pol I et dans 
sa terminaison; 3) un rôle dans la régulation conditionnelle d'ARNm impliqués dans la voie 
de réponse au stress des parois. Ces travaux ont aussi permis d'identifier le patron de 
localisation de Rntlp au cours du cycle cellulaire et de cibler les domaines important de la 
protéine pour sa localisation. Une interaction physique entre Rntlp et l'ARN pol I a été 
découverte soutenant un modèle de clivage co-transcriptionnel proposé dans la littérature. 
Les questions soulevées par ses résultats dirigent les travaux futurs vers un 
approfondissement des connaissances sur les mécanismes de régulation de l'activité de 
Rntlp. Plusieurs pistes à suivre ont été soulevées lors de la discussion dont celle de la 
phosphorylation de Rntlp qui montre un potentiel intéressant pour affecter tant la 
localisation que l'activité de l'enzyme, soit en modifiant sa possibilité d'interagir avec son 
substrat ou encore en affectant la catalyse elle-même. 
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